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ABSTRACT
Kale (Brassica oleracea var. acephala) is a nutritionally rich leafy green that that
contains vitamins, minerals, and prebiotic carbohydrates. As a popular organic crop, kale
accounted for 1.3% of total US organic produce sales in 2020, a market valued at over 17
billion USD. However, organic production is limited by its inability to use synthetic
pesticides and fertilizers and suffers from decreased yield when compared to
conventional agriculture, partially due to the creation of a significantly different growing
environment. Additionally, the absence of synthetic products can also negatively impact
the shelf of leafy greens like kale. To determine the organic adaptation of kale, I
evaluated 13 kale cultivars and 22 kale relatives (Brassica oleracea) in terms of biomass,
mineral concentrations, and carbohydrate concentrations under organic growing
conditions. From this data, I identified potential seasonal variation in mineral and
prebiotic carbohydrate concentrations in organically grown kale. In order to assess shelf
life, I grew 9 kale cultivars in two different growing environments and assessed shelf life
in nitrogen-enriched and non-enriched packaging through water content, water activity,
color, texture, and visual score. Genotype was largely impacted shelf life, while growing
environment was insignificant, except for decreased water activity in garden-grown kale.
Shelf-life was largely unaffected by nitrogen-enriched packaging. This work contributes
to our understanding of seasonal mineral and carbohydrate variation in kale, as well as
identifying the underlying factors responsible for variable shelf performance in nitrogenenriched and non-enriched storage of kale.
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CHAPTER ONE

REACHING THE HIGHEST SHELF: A REVIEW OF ORGANIC PRODUCTION,
NUTRITIONAL QUALITY, AND SHELF LIFE OF KALE
(BRASSICA OLERACEA VAR. ACEPHALA)

Abstract

Organic production has grown exponentially over the past few decades in both acreage and
popularity worldwide. This review focuses specifically on kale produced in the USA. However,
regulations limiting synthetic inputs leave organic produce at a disadvantage compared to
conventional agriculture in terms of biomass, nutritional quality, disease management, and
postharvest treatment. Organic agriculture requires significant improvements to be a viable means
of production for a growing population. Kale (Brassica oleracea var. acephala) is a “nutritional
powerhouse” leafy green vegetable. The high concentration of vitamins, minerals, and prebiotic
carbohydrates in a low-calorie food makes kale an important crop for combatting obesity-related
non-communicable diseases. However, the short shelf life of organic kale and inevitable fresh food
waste make developing new kale cultivars with increased shelf life essential. This review paper
aims to (i) review kale morphology, consumer preference, and production, and (ii) review
nutritional quality, its effect on shelf life, and current breeding efforts of kale. Future research
could focus on developing a kale breeding pipeline following suitable kale germplasm selection
adapted to organic agriculture with both superior shelf life and improved nutritional quality.

1

Introduction

Kale (Brassica oleracea var. acephala) is a leafy green vegetable, the cultivation of which first
began in the Mediterranean about 2,000 years ago (Balkaya & Yanmaz, 2005). Unlike its ancestor,
wild cabbage (Brassica oleracea), kale is a non-heading Brassica (Howard, 1939). Besides kale,
Brassica oleracea contains a variety of morphological variants, including broccoli (Brassica
oleracea var. italica), kohlrabi (Brassica oleracea var. gongylodes), cabbage (Brassica oleracea
var. capitata), Brussels sprouts (Brassica oleracea var. gemmifera), and cauliflower (Brassica
oleracea var. botrytis) (Figure 1.1). Whereas other brassicas have been bred for the edible stem,
bud, and inflorescence, kale has been selected for its leaves in both organic and conventional
cropping systems in the U.S.
Organically grown produce continues to be in high demand by American consumers. The
U.S. market is valued at $52.5 billion per year; organic fruit and vegetables comprise $17.4 billion
(Organic Market Overview, 2018; Gelski, 2019). Organic agriculture had its roots in the early 20th
century when it was originally called "humus farming," named after the top layer of organic matter
in soil horizons (Kuepper, 2010). By the 1970s and 1980s, commercial and nonprofit entities began
developing guidelines and certifications for organic production. The Organic Foods Production
Act defines organic agriculture as the avoidance of synthetic pesticides and fertilizers,
improvement of soil health and fertility through growing practices, and use of organic stock and
seed, if available (USDA National Organic Program, 2000). Demand for organically grown
agricultural crops has been increasing steadily since the 1990s, with up to 20% annual increases
in demand (Dimitri & Greene, 2002). Access to organic produce was previously limited to niche
sources such as farmers’ markets. Still, its introduction to supermarkets in the late 1990s has led
to increased distribution in more recent years (Dimitri & Greene, 2002). Requirements for organic
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production include developing and adhering to a strict set of procedures that meet organic
standards as defined by the USDA. These procedures must incorporate boundary and buffer zones,
cover crops, animal waste, and crop rotations. Organic agriculture uses mechanical weeding, crop
rotation, cover crops, biological pest controls, and other cultural weed and pest control methods
instead of conventional chemical treatments. Land used in organic production must be free of
conventional synthetic products for three years before it can be certified organic and is subject to
regular federal inspections (USDA National Organic Program, 2000).
Whether grown conventionally or organically, nutrition remains an important quality of
kale. It is ranked 15th on 47 fruits and vegetables considered nutritional powerhouses (Noia, 2014).
Kale provides various vitamins, mineral nutrients, prebiotic carbohydrates, and low to moderate
amounts of protein. Important nutrients supplied by kale include vitamins A, B, C, and K, as well
as calcium, magnesium, iron, phosphorous, copper, and zinc (Thavarajah et al., 2016). Prebiotic
carbohydrates and glucosinolates found in kale play a role in preventing obesity and cancer
(Thavarajah et al., 2016; Velasco et al., 2007).
Organic production may be responsible for accumulating mineral deficits in organic
farmland, which are generally supplemented with externally sourced products such as straw and
manure (Trewavas, 2001). The accumulating mineral deficits in organic production are not its only
shortcoming. Synthetic pesticides are not permitted in organic pest control. Organic production
requires frequent mechanical tillage, leading to an increase in fossil fuel emissions and the
disruption for ground-nesting birds and invertebrates. Tillage accelerates the breakdown of organic
matter, which releases greenhouse gases (Trewavas, 2001). The continuous decomposition of
manure and tilled-in leguminous crops leads to nitrate leaching at rates comparable to conventional
Farms (Trewavas, 2001). The objectives of this paper are to (i) review the history and implications
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of organic agriculture on kale production, and (ii) review the current production, breeding, and
storage protocols for organic kale.

Kale Genetics and Morphology

Kale has a chromosome number of n = 9 or 2n = 18 and is derived from wild cabbage (Brassica
oleracea), a genome size 488 Mbp (EnsemblPlants, 2020). The diversity of brassicas stems from
a whole-genome triplication in an ancestor of Brassica rapa that facilitated hybridization and
speciation through genomic rearrangement and biased gene retention (Cheng, Wu, & Wang, 2014).
Following this triplication, the cultivation of different locally adapted landraces of Brassica
oleracea that were selected for other traits over time resulted in modern crops such as broccoli and
kale (Stansell et al., 2018).
Brassicaceae has been studied in depth; close relatives such as field mustard (Brassica
rapa) and rapeseed (Brassica napus) have had their genomes mapped. Other members of the
species Brassica oleracea, such as cauliflower (Brassica oleracea var. bortrytis) have had its
genome sequenced, while ornamental kale (Brassica oleracea var. acephala), has had its genome
mapped for traits such as leaf color (Sun et al., 2019; Liu et al., 2017). Additional gene mapping
studies have been completed in kale for leaf shape (lobed-leaf) and stigma exsertion (Ren et al.,
2019; Chen et al., 2019). Furthermore, cabbage (Brassica oleracea var. capitata) is a candidate
for genomic sequencing; the genome referenced, TO1000DH, was a Brassica oleracea kale-like
crop (Sharma, Li, & Lin, 2014; Parkin et al., 2014).
Genetic mapping describes the process of locating and labeling genes of interest to which
chromosome and where precisely locate on that chromosome. Genome sequencing describes the
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more in-depth process of listing all the genetic information, down to the specific order of all base
pairs, of a specified organism. Though accurate for an individual organism, genomic sequencing
can fail to capture the full scope of genetic diversity present within a species. A pangenome, or a
set of all genes within a specified clade, may be constructed to solve this issue. A 587 Mbp
pangenome was assembled for B. oleracea using nine varieties of B. oleracea and one wild relative
to document its entire genetic diversity (Golicz et al., 2016). The construction of the B. oleracea
pangenome is beneficial as 18.7% of the genes found within it are presence/absence variations in
genes responsible for agronomic traits such as flowering time and disease resistance (Golicz et al.,
2016).
Despite useful resources such as the B. oleracea pangenome, breeding within the
Brassicaceae family is complicated because most commercial interest traits are controlled by
multiple quantitative trait loci (QTLs). Nonetheless, past efforts have focused mainly on disease
resistance, heterosis, and stress tolerance in Brassica rapa, Brassica napus, Brassica juncea, and
the model species Arabidopsis thaliana (Augustine et al., 2013).
Kale is available in a variety of market classes based on morphological differences (Table
1.1). Although kale commonly refers to Brassica oleracea L var. acephala, it also describes other
market classes that include Brassica napus var. pabularis (Russo-Siberian kale), Brassica oleracea
var. alboglabra (Chinese kale), and some varieties of collard greens (Brassica oleracea var.
viridis) (Swegarden, Stelick, Dando, & Griffiths, 2019). Curly kale has long central stalks and
distinctly curled or frilled leaves and has been identified by consumers as the "ideal kale" (Produce
Market Guide, 2018; Swegarden et al., 2019). Lacinato or dinosaur kale is known for its dark green
leaves and bumpy leaf texture. Russo-Siberian kale has flatter, frilled leaves, and, in the case of
Red Russian, dark red stalks and leaf veins. Portuguese kale has broad, mostly entire leaves without
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many outstanding characteristics compared to other market classes. Ornamental kale is rather
distinct due to its white or purple leaves in the center of a loosely arranged head (Produce Market
Guide, 2018). Though phenotypic differences between market classes and varieties are readily
apparent, data for biochemical and nutritional quality differences are largely unavailable.
However, Waterland et al. (2017) found that mineral concentrations differ with plant ontogeny:
nutrient concentration decreased over time and exhibited a non-linear correlation with fresh leaf
biomass.

Consumer Preference

Kale is sold at several different stages of maturity: microgreen, baby kale, and mature. Microgreen
describes a recently germinated cotyledonous plant with up to two true leaves, baby kale describes
a plant with approximately four to six true leaves, and mature describes a plant with more than six
true leaves (Waterland et al., 2017). Kale is grown both conventionally and organically to all stages
of maturity (Thavarajah et al., 2019). Approximately 124,000,000 lbs. (56,245,453 kg) of kale
were sold in the U.S. in 2017, the majority of which was certified organic (Produce Market Guide,
2018; Pullano, 2015). Global kale production is challenging to estimate as it is often grouped with
cabbage and other brassicas, which encompass a wide variety of commercial crops. Though some
perceive organic production as sustainable, it receives criticism for lower yields and nutritional
quality. Organic farms can only produce 50 to 70% of the yields of their conventional counterparts
(Trewavas, 2001). Lower yields are relevant, considering the global population is expected to
reach 9.7 billion by 2050 and nearly 11 billion by 2100 (World Population Prospects 2019:
Highlights, 2019). For organic agriculture to remain a viable alternative to conventional
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production, it must match or exceed the yield and quality of conventional produce. Therefore, kale
cultivars that are adapted to organic production without compromising nutritional quality to sustain
a growing world population must be identified. In addition to nutrition, those cultivars must
achieve a market preference of consumers. The consumer profile for organic produce has yet to be
well-studied; the level of education is the only metric that reliably correlates with a propensity to
buy organically grown products (Dimitri & Dettmann, 2012). Although a detailed consumer
profile does not exist for organic products, studies suggest consumers choose organic products
based on health and nutrition benefits, followed by flavor and environmental benefits (Dimitri &
Greene, 2002). In a consumer sensory and preference study of kale (Swegarden et al., 2019), the
most popular kale was slightly bitter with sweet, long-lasting, curly textured leafy greens. Frequent
kale consumers preferred a curly-leaved cultivar without a strong aftertaste, but when given a
choice, they favored a thinner leaf. Of the 20 varieties tested, 'Darkibor,' 'Hybrid L,' and 'Black
Magic' were the most preferred. 'Darkibor' fits the image for the “ideal” kale; 'Hybrid L,' with a
thinner leaf and less bitter aftertaste, outperformed 'Darkibor.'

Production

Kale typically grows 1½ to 3 ft (45 to 90 cm) tall and 1 to 3 ft (30 to 90 cm) wide with
growth habits ranging from upright to mound. Leaf texture varies from fine to coarse, depending
on the variety. Leaf color ranges from light green to dark green with the additions of reds and
purples (Cornell University Home Gardening, n.d.). Kale prefers full sun to partial shade and
thrives in well-drained, consistently moist soil high in organic matter with a pH between 6.0 to 7.5
(Cornell Home Gardening, n.d.; Brandon, Leonard, & Bradley, 2015). Soil type affects the mineral
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composition, so growers must choose appropriate locations and follow soil test recommendations.
The top kale producing states are California, Georgia, New Jersey, Texas, and North Carolina
(Pullano, 2015). In recent years kale production has increased the southeastern U.S. due to
favorable growing conditions (Pathirana et al., 2017). Kale tolerates drought and high
temperatures, but these stressors are detrimental to biomass accumulation, nutritional quality, and
flavor profile (Thavarajah et al., 2016).
Sowing seed too late in the fall or too early in the spring can lead to premature flowering
or bolting triggered by low temperatures (Farnham & Garrett, 1996). Bolting in leafy greens causes
undesirable market characteristics such as bitterness and changes in leaf texture (Brandenberger,
Shrefler, & Damicone, 2017). For the fall season, kale should be started indoors approximately 12
to 14 weeks before the first frost and transplanted to the field after four weeks. Seeds should be
spaced 1 inch apart and planted ¼ to ½ inches deep; seedlings, when transplanted, should be placed
12 to 18 inches apart (Cornell University Home Gardening, n.d). For spring planting, sow kale
indoors about 4 to 6 weeks before the last frost and transplant to the field after the last frost (Cornell
University Home Gardening, n.d.). Seed germinates in 4 to 7 days. Maturity–from seed to harvest–
varies, though it may be assessed by leaf size (Albornoz & Cantwell, 2016).
Kale requires a large quantity of nitrogen (Haile & Ayalew, 2018). Nitrogen elicits
different responses in glucosinolate concentration depending on concentration, means of
application, and product formulation. Similar to nitrogen, a sulfur application affects glucosinolate
concentration. As the sulfur application rate increases during fertilization, glucosinolate
concentrations in Brassica oleracea will increase (Groenbake et al., 2014). Other approaches for
kale fertilization are bio-slurry (liquid effluent) from bioreactors that digest cow dung and other
organic matter. Composed of 93% water and 7% dry matter, bio-slurry has an N-P-K ratio of 0.25-
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0.13-0.12. Bio-slurry is generally more hygienic than animal waste and does not exhibit high levels
of contaminants, such as pesticides or heavy metals, when the relatively clean source material is
used (Bonten et al., 2014). Bio-slurry applications result in increased kale yields compared to
inorganic fertilizers and inorganic fertilizers supplemented with bio-slurry at varying ratios (Haile
& Ayalew, 2018). Bio-slurry could be a viable fertilizer for future organic kale production.
Cover-cropping is another sustainable method for organic kale production. Organic
growers routinely plant cover crops, especially legumes, to replenish nitrogen and other minerals
in the soil (Trewavas, 2001). In a study of the effect of cover crops on yield and nutrient
composition in organic kale, ryegrass had the greatest impact on biomass, followed by faba bean
(Thavarajah et al., 2019). Ryegrass provides greater amounts of carbon and nitrogen as well as
establishes the majority of its biomass more quickly, which makes it more competitive against
weeds than other cover crops. (Thavarajah et al., 2019). Kale cultivars grown in rotation with faba
bean have higher concentrations of prebiotic carbohydrates, proteins, and mineral nutrients,
including calcium, magnesium, phosphorous, and manganese. The optimal benefit of cover crops
varies with the cultivar and growing location (Thavarajah et al., 2019).
A myriad of fungal and bacterial pathogens and insects attack kale. Downy mildew
(Perenospora parasitica) affects plants at all life stages and is characterized by a grayish mold on
the underside of the leaf, followed by yellowing of the upper leaf surface. Preventative methods
include wider plant spacing, drip irrigation, crop rotation using non-cole crops, and timely removal
of plant debris (Doubrava, Blake, & Williamson, 2020). Multiple Alternaria species cause leaf
spot diseases via seed, plant debris, or splashing water droplets by wind or rain (Damicone, 2017).
Leaf spots appear as small brown or black circles that expand up to one inch in diameter on older
leaves. Copper-based fungicides are recommended for both of these fungal pathogens (Doubrava,
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Blake, & Williamson, 2020). However, studies have noted copper toxicity in soils due to the use
of copper-based fungicides and potential adverse effects on human health (Thrupp, 1991;
Wightwick, Mollah, Partington, &Allinson, 2008). As a result, a reduction in the use of copperbased fungicides is recommended. Damping-off, a fungal complex of Pythium spp., Fusarium, and
Rhizoctonia, is a soil-borne disease that affects young seedlings. High soil moisture or compaction
encourages infections. Symptoms include failure to germinate, water-soaked or soft leaves, and
often times a reddish-brown tinge to stems or roots. Leaf debris should be discarded, and planting
in an area of well-drained soil is highly recommended (Damicone, 2017). Black rot (Xanthomonas
campestris), a bacterial pathogen, produces yellow to brown v-shaped lesions centered on a leaf
vein that spreads towards the leaf base; but resistant varieties can experience less damage.
Several insects cause damage to kale, including aphids. Aphids tend to congregate on the
lower leaf surface and secrete a honeydew-like substance that attracts other pests and provides a
food source for sooty mold and other fungal pathogens (Doubrava, Blake, & Williamson, 2020).
They also damage plants and feed by sucking out nutrient-rich plant sap (Townsend, n.d.). Several
viruses spread by aphids cause stunted growth and deformed leaves (Doubrava, Blake, &
Williamson, 2020). Horticultural soaps can be used to treat aphid infestations, and biological
control agents such as lady beetles are available for organic treatment (Day, 2014). Cabbage
loopers are small moth caterpillars that eat leaf tissue and are very difficult to control. Cold
temperatures kill them off, but individuals in the pupa stage can overwinter. Organic control
options are somewhat limited and primarily consist of applying Bacillus thuringiensis, (Bt) (Day,
2017). Flea beetles chew small holes in the leaf, leaving brownish areas of damage, and can be
particularly harmful to young plants and transplants. The recommended organic control is to dust
plants with diatomaceous earth (Day & Kuhar, 2017).
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Although field-grown kale is common, the crop may be grown hydroponically in
greenhouses. The hydroponic process of growing plants in non-organic media supplied with an
aerated nutrient solution can be executed in a variety of different systems that include ebb and
flow, deep water/raft culture, and the nutrient film technique (NFT). In an NFT system, plants
grow in hollow channels on an incline and receive a nutrient solution through a pump system that
allows for greater air-to-root contact than other systems. Growers must consider the flow rate,
angle of the channel, and nutrient re-circulation because these variables affect nutrient uptake
(Foster, 2018). Generally, the greater the angle and flow rate, the lower the rate of nutrient uptake
of the plant. Al-Tawaha et al. (2018) studied lettuce (Lactuca sativa), another leafy green. They
found the ideal flow rate for nutrient absorption and subsequent plant height, number of leaves,
and nutrients present in dry matter was 20 L/h.

Nutritional Quality
Kale is a nutritionally rich "powerhouse" vegetable that provides ≥10% of the
recommended daily allowance of 17 essential nutrients shown in Table 1.2 (Thavarajah et al.,
2016, 2019). Specifically, kale contains notable amounts of vitamins A, C, and K and mineral
nutrients potassium, calcium, and magnesium (Pathirana et al., 2017). Potassium is important in
human Nutrition because it maintains electrochemical membrane gradients within cells (Stipanuk
and Caudill, 2018). Calcium is used to form bones and teeth and plays an important role in muscle
function, nerve firing, and hormone secretion. Magnesium interacts with a plethora of enzyme
systems and is integral to DNA and RNA synthesis in addition to blood glucose and pressure
regulation and muscle and nerve functionality. Micronutrients such as iron and zinc play important
roles in transferring oxygen through the bloodstream as a constituent of hemoglobin and as a
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catalyst for a multitude of enzymes, respectively (Stipanuk and Caudill, 2013). Kale also contains
glucosinolates, which are secondary plant metabolites noted for their anticarcinogenic properties.
They also have both beneficial and detrimental effects on insect herbivory (Velasco et al., 2007).
Consumption of brassicas high in glucosinolate is linked to goiters' development (Carlson,
Daxenbichler, & VanEtten, 1987).
In addition to having high levels of phytochemicals, vitamins, and minerals, kale is a lowcalorie food, which makes it particularly relevant to the U.S. market given that 42.4% of American
adults were classified as obese in 2018 (Swegarden et al., 2019; Hales, Carroll, Fryar, & Ogden,
2020). The recommended daily caloric intake for adults ranges from 2,000 to 3,000 calories per
day (Nutritional Goals for Age-Sex Groups Based on Dietary Reference Intakes and Dietary
Guidelines Recommendations, n.d.), yet the average caloric intake in the U.S. is 3,830 calories per
day (FAO Dietary Energy Consumption, 2010); this excess consumption of calories is the primary
cause of obesity (Wright & Aronne, 2012). Kale contains prebiotic carbohydrates, and diets rich
in prebiotic carbohydrates have the potential to promote gut health and prevent obesity (Thavarajah
et al., 2016). Sugars alcohols, a type of prebiotic carbohydrate, are not fully digested by the human
digestive tract and are utilized by beneficial bacteria in the gut (Wolever, Piekarz, Hollands, &
Younker, 2002). Food processing often removes prebiotic carbohydrates, so consuming whole
food products rich in prebiotics generally confers greater health benefits (Siva, Thavarajah, Kumar,
& Thavarajah, 2019). A serving of kale (100g) has only 49 calories and contains prebiotic
carbohydrates that help fight obesity (Thavarajah et al., 2016). The effects of a prebioticsupplemented diet were observed in mice to understand the link between prebiotic carbohydrates
and gut health to combat obesity and overweight. When their diet was supplemented with
prebiotics, overexpression of genes responsible for obesity and inflammation was suppressed
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(Delzenne, Neyrinck, Bäckhed, & Cani, 2011). Diet also has a decisive effect on gut microbiota
populations. For example, the consumption of inulin-type fructans, a type of prebiotic
carbohydrate, greatly increases the concentration of Bifidiobacteria; a lack of Bifidiobacteria in
childhood has been linked with overweight later on in childhood (Delzenne et al., 2011). The
obesity-preventing effects of prebiotic carbohydrates in kale and its low caloric content make it a
valuable potential addition to American diets.
Furthermore, Americans only consume 59% of the daily recommended intake of
vegetables, which has led to suboptimal intake of various mineral nutrients, including potassium,
calcium, and magnesium, all of which kale contains. Table 1.2 shows conventionally grown kale
has higher concentrations of nutrients, including iron than organic kale except for calcium,
selenium, fructose, and arabinose (Fooddata Central, 2020; Thavarajah et al., 2016, 2019). This
nutritional composition varies due to genotype, soil, and environmental conditions. Additionally,
the South Carolina study focused on using different organic cover crops, which were shown to
differentially affect nutritional content (Thavarajah et al., 2019). Though the data may suggest
conventionally produced has higher concentrations of nutrients than organically grown kale,
further studies are required. Regardless of the difference between organic and conventional
nutrient content, the inclusion of kale in diets is instrumental in providing essential nutrients and
potentially reducing obesity.

Shelf Life

Shelf life is an important factor related to food waste. About 35% of fresh vegetable waste
in the U.S. occurs either in the store or after purchase, and 43% of total food waste occurs at the
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household level, which amounts to a staggering loss of $161 billion annually (Gunders & Bloom,
2017). Ammonia content is a good indicator of senescence and shelf life in kale; the higher the
concentration of ammonia, the more the leaf has senesced or aged. As concentrations of ammonia
increase within the leaf, physiological changes such as yellowing and detrimental effects on flavor
are observed (Albornoz & Cantwell, 2016).
Many factors affect shelf life during handling and processing. Chlorophyll degradation is
a significant issue in kale storage and occurs shortly following harvest (Sripong, Janjob,
Uthairatanakij, & Jitareerat, 2018). During vegetable processing of romaine lettuce and celery,
using new and sharpened knives increases shelf life and improves overall visual quality by
reducing decay, discoloration, and wilted edges (Cantwell, Melo, Hong, & Klose, 2017). Chemical
treatment and cooling are a common combination when handling and treating conventional kale
postharvest. Following harvest, leaves are rinsed with fresh or chlorinated water before packaging
them bound in bunches or cartons. After packaging, a common practice to slow the ripening
process is to submerge kale leaves in cold water, known as hydro cooling. The leaves are then
cooled with ice and shipped separately to avoid ethylene gas production (Boyette, Estes, &
Sanders, 1992). Bagging produce is a common postharvest practice that helps to maintain
vegetable firmness. Bagging creates a more humid microenvironment that can reduce moisture
loss and lead to an increase in ethylene and carbon dioxide (CO 2), which can hasten senescence
and respiration, respectively. A study comparing polythene-bagged vs. non-bagged kale indicated
significant senescence and yellowing at higher storage temperatures (18C). At lower temperatures
(5C), it preserves green leaf color, reduces biological activity, respiration and senescence. Kale
cultivar, ‘Red Russian’ exhibited more significant yellowing at higher temperatures than ‘Konvale
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2’ (Sidhu, 2013). This data demonstrates that specific cultivars are more suited for extended shelf
life than others (Sidhu, 2013).
Packaging material type and duration in organic produce will vary due to the inability to
use synthetic postharvest treatments. A recent study compared different storage bags, including
perforated polyethylene bags, perforated zip bags, and anti-fog bags for organic kale storage
(Sripong et al., 2018). The most significant weight reduction was observed in the perforated zip
and anti-fog bags, while the least chlorophyll and color loss was noted in the anti-fog. Ethylene
production and respiration rate were not significantly altered by any particular packaging method
(Sripong et al., 2018). In this study of organic kale, the anti-fog and perforated zip bags could
preserve kale freshness for up to 8 days at temperatures of 10C (Sripong et al., 2018).
Additionally, other cultural methods may be effective in prolonging shelf life; a study of kale
(Brassica oleracea var sabellica) noted that harvesting later in the day during the spring season
delayed leaf senescence and chlorophyll degradation (Casajús et al., 2020).
Shelf life can be extended in conventionally produced kale using 1-MCP (1methycyclopropene) in conjunction with low temperatures; however, this option is not available
with organic kale (Cantwell et al., 2012). The synthetic chemical 1-MCP (1-methycyclopropene)
functions by suppressing ethylene, a plant hormone responsible for senescence and ripening, which
binds to the ethylene receptors in plants (Sisler & Serek, 2003). Without synthetic postharvest
treatments, organic kale has a considerably shorter shelf life compared to conventionally grown
kale. Knowledge of the innate biochemical characteristics responsible for shelf life, such as
calcium effects on sugar content, could prove useful in extending the shelf life of organic kale.
Exogenous calcium applications are not always sufficient to increase firmness or prevent
physiological disorders (Qiu, Wang, & Qu, 2020), so studying their effect on shelf life may be
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worthwhile for potential applications to organic kale. Cell architecture, cuticle, and cuticle wax
composition have roles in water retention and prevent wilting. The plant cuticle is a hydrophobic
layer on the surface of plant shoots composed of cutin, an insoluble polymer, and cuticular lipids,
which are solvent-soluble and collectively referred to as waxes (Bargel et al., 2006; Matschi et al.,
2020. The cuticle is responsible for water retention and protection against pathogens and other
environmental stresses such as UV radiation. The cuticle is comprised of the epicuticular wax,
cuticle proper, and cuticle layer. It is less than 200 nm thick, is composed of alternating layers of
waxes and cutin, and is responsible for 99% barrier efficiency (Bargel et al., 2006). The cuticle
layer varies in thickness, up to 17 m, and is inhomogeneous in structure. The epicuticular wax
layer contains wax crystals, which are responsible for extreme water repellency and self-cleaning
of the leaf (Bargel et al., 2006). Cuticle wax composition rather than cuticle thickness is
responsible for increased water conductivity in plants (Matschi et al., 2020). A cutin monomer
with fewer functional groups, 18:09 EPOXY-18-OH, is greatly enriched in bulliform cells and
responsible for increased water conductance. A higher concentration of 18:09 EPOXY-18-OH
could indicate less cross-linking, and subsequently, a looser cutin scaffold could account for
greater water conductance (Matschi et al., 2020). Additionally, cuticle and cuticle wax
composition can vary greatly among crop species for increased or decreased water conductance,
but this is yet to be studied in kale (Bargel et al., 2006).
Cuticle composition is also linked to trichome development. The cuticle may also function
as an alternative signaling medium within plant cells. In a study of stomatal development mutants
in barley, those with wax deficiencies had two to three times the normal number of stomata (Zeiger
& Stebbins, 1972), which could harm shelf life. Stomatal development between monocots such as
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barley differs from dicots such as kale (Bird & Gray, 2003). However, no studies have been done
on the cuticle and cuticular wax composition on shelf life in organic kale.

Current Breeding

Kale requires a vernalization period (Taylor & Borchers, 1992), which varies from 32 to 55 F (0
to 13 C), with an optimal temperature of 43 F (6 C). The length of exposure required for
vernalization is generally 3 to 5 weeks (Phillips & Goldy, 2020). Shortly after bolting, plants
produce long, thin seedpods called siliques. The seed pods must be harvested when they turn light
brown, but before they have time to desiccate and shatter. Stalks should be cut close to the ground,
inverted, and stored in a dry environment in paper bags.
Kale is a cross-pollinated species that generally relies on insect pollination (Bohart & Todd,
1961). Inbred kale suffers significant decreases in yield and leaf size (Johnston, 1963). For the best
results, pollination of Brassica crops should occur during the three days when the flower is open,
and stigmas are receptive; multiple pollinations may be required to produce the maximum number
of seeds in the silique. (MacGregor, 1976). When pollinating by hand, males are emasculated to
prevent contamination through cross-pollination. The darkening of the stigmas can note as
successful pollination in some kale varieties (Thompson, 1972).
Kale is considered weakly self-compatible. Though self-compatibility is rare, it is heritable
through a single dominant factor only expressed in the absence of dominant S alleles responsible
for self-incompatibility. It is only through the combination of the dominant factor and the recessive
S alleles, which are entirely independent of the dominant factor, that self-compatibility in kale is
observed (Thompson & Taylor, 1971). Self-incompatibility is sporophytic in origin. Two of the S
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alleles, S2 and S15, interact and are competitive in both the pollen and stigma. Heterozygotes for
these S alleles produce more seed than homozygotes; S 15 homozygotes are completely selfincompatible (Thompson, 1972).
Cytoplasmic male sterility has been bred into Brassica oleracea from Japanese radish
(Raphanus sativus var. longipinnatus) to prevent self-pollination inbreeding (Colombo &
Galmarini, 2017). High expression of heterosis in Brassica crops has favored F1 hybrids in kale
(Colombo & Galamarini, 2017), produced using saprophytically self-incompatible plants. When
using greenhouses or off-season nurseries, the breeder must avoid unwanted selection in field
environments or greenhouses. Unwanted selection can include disease pressure or soil conditions
that vary from the area of production. Site analysis of off-season nurseries is critical to maintaining
a homogenous crop.
Traditionally, kale breeding has focused on crop uniformity and disease resistance (Ordás
& Cartea, 2008). Additionally, previous breeding has focused on resistance to pests and pathogens,
such as clubroot (Plasmodiphora brassicae Wor.) (Laurens & Thomas, 1993). Half-sib breeding
utilizing insect pollinators and isolation cages was the first approach used in kale breeding. Since
then, full-sib selection has been performed but requires significantly more work; the extra effort
may be worth it as full-sib selection could speed up crop improvement. More novel techniques,
such as anther culture, can produce homozygous plants within a short period and be used to analyze
major QTL traits within a population (Ordás & Cartea, 2008).
The use of cytoplasmically male sterile (CMS) varieties has historically been used to
produce hybrid crops, including within the Brassicaceae family (Kamiński, Podwyszyńska,
Starzycki, & Starzycka-Korbas, 2015). CMS varieties allow for selecting male and female parents
while preventing self-fertilization, effectively ensuring the female parent does not donate pollen
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to other plants. CMS varieties are produced using cell fusion. The use of CMS varieties is contested
in organic agriculture. The National Organic Program in the USA allows cell fusion to create CMS
varieties only if the donor plant is in the same taxonomic family as the receiving plant. No
recombinant DNA technology is allowed (USDA AMS, 2013). The International Foundation of
Organic Agriculture Movements (IFOAM) states that the use of CMS varieties is not suitable for
organic production when cytoplast fusion is involved and is questionable when no cytoplasm
fusion occurs (IFOAM Organics International, 2017). Some European countries, like Germany,
have banned CMS crops outright in organic production (Sanders, 2013).
Recent breeding efforts have maintained the focus on disease resistance while also
prioritizing glucosinolate concentration to prevent cancer in humans (Ordás & Cartea, 2008). A
recent sensory analysis and consumer panel identified the most popular kale as voluminous and
hearty, with a pungent or strong flavor (Swegarden et al., 2019). These data set the framework for
future kale breeding focused on sensory attributes that could diversify the existing market based
on consumer preference.

Closing Remarks

Organic agriculture has several barriers to overcome to remain a viable means of
production. With food waste in the U.S., totaling nearly $161 billion annually, measures need to
be taken to conserve resources (Gunders & Bloom, 2017). The shelf life of organic kale is limited
because synthetic postharvest treatments cannot be used. As organic produce's demand increases,
kale would benefit from extended shelf life, decreasing food waste, and conserve resources
(Trewavas, 2001). Furthermore, kale’s high nutritional content and low caloric value (Table 2)
would benefit the overweight and nutrient-deficient American population (Dimitri & Greene,
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2002; Hales, Carroll, Fryar, & Ogden, 2020; Thavarajah et al., 2016). Because organic kale
producers cannot use 1-MCP, there is a unique opportunity to improve shelf-life through breeding
to avoid chemical treatments (Cantwell et al., 2012).
Breeding for enhanced shelf life is a promising endeavor. No studies have investigated the
effects of cuticle and metabolite composition on shelf life in kale, yet such research would provide
valuable data for parent selection. After parent selection, a breeding pipeline can be developed to
release cultivars with improved shelf life, and nutritional quality adapted to organic production. A
breeding program, breeding for resilient, efficient, and sustainable organic vegetable production
(BRESOV), based in the European Union, is currently performing similar work on European
organic brassicas (BRESOV, 2020). Specifically, they study stress tolerance, including nematode
resistance, and plant metabolites such as ascorbic acid (Vitamin C) and glucosinolates. A greater
quantity and quality of produce is required to feed 11 billion people by 2100. With an estimated
population growth of 3 billion in the next century, it is crucial to provide high quality, long-lasting
produce.
Currently, kale contains ≥10% of 17 essential nutrients, and this value could be further
improved through plant breeding. Organic agriculture is not on par with the quantity or quality
achieved through conventional production due to cultivation and postharvest restrictions. Ample
room for improvement exists in a multitude of areas within plant metabolite composition and plant
cell architecture. By focusing on breeding efforts on shelf life improvement, food waste can be
reduced. Furthermore, kale provides nutritional benefits to consumers. This will help combat the
American obesity epidemic, provide essential nutrients to people facing micronutrient deficiency,
and save money for producers and consumers alike. Investigating cuticle and metabolite
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composition could ultimately increase shelf life in organic kale, reduce food waste, and reduce
micronutrient deficiencies in the U.S.
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Figure 1.1. Diversification of Brassica oleraceae.
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Table 1.1. Kale Market Classes Images courtesy of Tristan Lawrence, Clemson University
Market Class

Examples

Curly (green)

Darkibor
Dwarf Green Curled Afro
Pentland Brig
Meadowlark
Ripbor
Winterbor
Vates
Blue Ridge
Blue Knight
Maribor
Baltic Red
Redbor
Roulette
Scarlet

Curly (red)

Portuguese

Beira

Russo-Siberian

Dwarf Siberian
Gulag Siberian
True Siberian
Fizz

Dinosaur

Black Magic
Lacinato

Collard

Top Bunch
Champion
Georgia Collard
Green Glaze
Evenstar

Mustard

Frizzy Joe
Frizzy Lizzy
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Table 1.2. Nutrient composition of conventional and organic kale.
Nutrients
(100 g serving)
Energy (kcal)
Protein (g)
Total lipid (g)
Total dietary fiber (g)
Sugars (g)
Mineral Nutrients (mg)
Calcium, Ca
Iron, Fe
Magnesium, Mg
Phosphorous, P
Potassium, K
Sodium, Na
Copper, Cu
Manganese, Mn
Zinc (Zn)
Selenium, Se (g)
Vitamins
A (IU)
B-6 (mg)
C (mg)
K (g)
Prebiotic Carbohydrates
Sugar alcohol (mg)
Sorbitol
Mannitol
Simple Sugars (mg)
Glucose
Fructose
Sucrose
Arabinose
Mannose
Xylose

Conventional

Organic

49a
4.28a
0.93a
3.6a
3.6a

3.7c
-

150a
1.47a
47a
92a
491a
38a
1.499a
1a
0.56a
0.9a

204c
1.0c
29c
60c
241c
47c (g)
0.6c
0.3c
8.0c

15487a
0.265a
122.1a
828.3a

-

24.5b
17.9b

2.2c
0.1c

993b
545b
39.3b
73.5b
241b
59.9b

434c
976c
38c
417c
26c
25c

aValues

from USDA FoodData Central
from Thavarajah, et al., 2016; representative of the mean values of 25 kale cultivars
cValues from Thavarajah, et al., 2019; representative of organic kale grown in SC
bValues
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CHAPTER TWO

FALLING INTO LINE: ADAPTATION OF ORGANICALLY GROWN KALE (BRASSICA
OLERACEA VAR. ACEPHALA) AND KALE RELATIVES
TO FALL PLANTING

Abstract

Kale (Brassica oleracea var. acephala) is a low-calorie leafy green containing a range of
minerals and prebiotic carbohydrates. Thus, the inclusion of kale in diets worldwide could have
multiple beneficial health effects to combat micronutrient malnutrition and obesity. Kale cultivars
adapted to conventional production record higher yields than those grown in organic growing
conditions. Additionally, significant differences in nutritional quality have been reported in kale
cultivars and kale relatives depending on the growing season. This study aimed to determine which
kale cultivars and relatives are best suited to produce under organic growing conditions in the fall.
In a randomized design, 36 kale genotypes (13 cultivars and 23 United States Department of
Agriculture (USDA) germplasm) were grown under organic field conditions to determine
adaptability, biomass, and mineral nutrients, and prebiotic carbohydrates. Significant genotypic
effects were noted for biomass, mineral nutrients, and prebiotic carbohydrates. Biomass ranged
from 60-404 g/plant for cultivars and 73-506 g/plant for germplasm. A single serving of the
cultivars grown in this study would provide a notable amount of the daily values of calcium (2757%), zinc (3-7%), potassium (12-16%), magnesium (1%), manganese (104-217%), phosphorous
(3-4%), iron (8-14%), and copper (4-6%). Total prebiotic carbohydrate concentrations ranged from
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336 to 743 mg/100 g in cultivars and 502 to 1802 mg/100 g in germplasm. The germplasm
contained significantly greater levels of the simple sugars glucose and fructose than the cultivars.
The cultivars ‘Westlander,’ ‘Curly Roja,’ and ‘Scarlet’ were best adapted for fall organic
production for biomass and mineral concentrations. The cultivars best adapted to organic
production as identified by this study should focus on future research and breeding efforts
emphasizing biomass, mineral nutrition, and prebiotic carbohydrate concentrations.

Introduction

The definition of organic agriculture varies from country to country, with 93 countries having
some form of legislation regarding organic agriculture as of 2018 (Huber et al., 2019). For
example, organic agriculture in the United States is defined by improving soil health and fertility
while abstaining from synthetic pesticide and fertilizer use (USDA, 2000). Programs and
legislation can vary from Participatory Guarantee Systems (PGS) to local regulatory systems
focused on trust and active participation and certifications from third parties (Huber et al., 2019).
Regardless of the country where practiced, the focus of organic agriculture is to reduce reliance on
non-renewable resources and promote environmental health and stewardship (Reganold &
Wachter, 2016). Moreover, organic agriculture can improve quality of life by reducing pesticide
exposure and empowering growers with high-value crops for which they can demand premium
prices (Reganold & Wachter, 2016). In 2017, the global organic food market was worth over USD
$97 billion, with nearly 90% of all revenue generated from North America and Europe (Sahota,
2019). The regions that import the most organic products are the European Union, USA, Canada,
and Japan (Huber et al., 2019). The USA has the world’s largest organic food market, valued at
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USD $45.2 billion, yet imports the majority, thus highlighting the need to expand and improve its
own organically produced crops to keep up with consumer demand (Sahota, 2019; Huber et al.,
2019).
Kale (Brassica oleracea var. acephala) has steadily increased in popularity, making it an ideal
target for increased organic production. Kale is a non-heading, leafy green, cruciferous vegetable
that originated in the Mediterranean approximately 2,000 years ago (Balkaya & Yanmaz, 2005).
It descends from wild cabbage (Brassica oleracea) and has been selected over time for its
distinctive and often frilled leaf production. Kale relatives include morphological variants of
Brassica oleracea such as Brussels sprouts (Brassica oleracea var. gemmifera), broccoli (Brassica
oleracea var. italica), and collard greens (Brassica oleracea var. viridis) (Šamec et al., 2018). Kale
is diploid (2n=18) with a genome size of approximately 488 Mb (Parkin et al., 2014). Kale is a
cool-season crop that exhibits losses in biomass, nutrition, and flavor during excessive heat (> 25
°C) and drought stress (Pathirana et al., 2017). In the United States, the cultivated area of kale
increased by 9000 acres (3600 hectares) to a total of 15,000 acres (6000 hectares) from 2012 to
2017 (USDA, 2017). The global production of conventional and organic kale is unavailable, but
cabbage and other Brassica family vegetables totaled nearly 2.5 million hectares harvested in 2019
(FAOSTAT, 2019). Overall, the increase in kale production is evidence of its increasing popularity
and demand.
Kale’s popularity is perceived as a highly nutritious vegetable (Šamec et al., 2018; Di Noia,
2014). Indeed, kale has a low caloric value (66 kcal/100 g) and contains several micronutrients,
including calcium (Ca), magnesium (Mg), phosphorus (P), potassium (K), and iron (Fe)
(Thavarajah et al., 2016). Increased consumption of kale could help alleviate micronutrient
deficiencies or ‘hidden hunger, which can result in many harmful health conditions, including
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premature death and stunting in children (Ritchie & Roser, 2017). Kale contains a range of
prebiotic carbohydrates with health-promoting properties for the human gut microbiome
(Thavarajah et al., 2016). Prebiotic carbohydrates can fight obesity and over-nourishment, which
is relevant as obesity continues to grow as a global health problem (Delzenne et al., 2011; Malik
et al., 2012).
Though the nutritional benefits of conventionally grown kale are well known, the nutritional
and agronomic quality of organically grown kale have not been thoroughly investigated. Kale
biomass is affected by many factors, including temperature, moisture stress, and photoperiod
(Pathirana et al., 2017; Lesfrud & Kopsell, 2006). Compared to yields of their conventional
counterparts, those of organically grown cultivars vary greatly by crop; for example, Midwest oat
yields were 50% higher, while California rice yields were 60% lower when grown organically vs.
conventionally (Murphy et al., 2007). Additionally, significant differences in mineral, protein, and
glucosinolate concentrations were observed in Portuguese cabbage (Brassica acephala var.
tronchuda and Brassica acephala var. costata) and kale (Brassica oleracea var. acephala)
depending on the growing season (Rosa & Heaney, 1996). Moreover, a recent study of cima di
rapa (Brassica rapa L. subsp. sylvestris L. Janch. Var. esculenta Hort.) has observed lower
glucosinolate levels, higher β-Carotene levels, and higher chlorophyll levels in organically grown
plants than conventionally grown plants (Conversa et al., 2016). A study of other brassicas
(argula, white mustard and turnip greens) significant differences in zinc between conventionally
and organically grown plants (Cámara -Martos et al., 2021). Therefore, this study aimed to identify
the kale cultivars and USDA kale germplasm best suited for organic fall planting by measuring
biomass, mineral concentrations, and prebiotic carbohydrate concentrations.
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Materials and Methods

Materials
High purity standards and reagents were purchased from Sigma Aldrich Co. (St. Louis, MO,
USA), Fisher Scientific (Waltham, MA, USA), VWR International (Radnor, PA, USA), and Tokyo
Chemical Industry (Portland, OR, USA). High purity water (ddH 2O) was generated from a
PURELAB flex 2 system to a resistance of ≥18.2 MΩ×cm (ELGA LabWater North America,
Woodridge, IL).

Field Design
Thirty-six kale genotypes (13 cultivars and 23 USDA germplasm) were grown under organic
field conditions (Table 2.1, Figures 2.1 and 2.2). The kale cultivars (Brassica oleracea var.
acephala) used in this study represent the market classes curly green (Darkibor, Dwarf Green
Curled, Pentland Brig, Meadowlark, Vates, Blue Knight, Westlander), curly red (Scarlet and Curly
Roja), dinosaur (Lacinato and Black Magic), and Red Russian (Reda et al., 2021; Swegarden et
al., 2019). The germplasm represents B. oleracea, B. oleracea var. viridis, B. oleracea var.
alboglabra, B. oleracea var. sabellica, and B. oleracea var. costata. Kale cultivar seeds were
obtained from Adaptive Seeds, OR, USA; High Mowing Seeds, VT, USA; Peaceful Valley Farm
& Garden Supply, CA, USA; and Territorial Seed Company, OR, USA. USDA germplasm seeds
were obtained from the USDA-Agricultural Research Service (ARS), Geneva, NY, USA;
additional information, including the region of origin, can be found in the US National Plant
Germplasm System (https://npgsweb.ars-grin.gov/gringlobal/search.aspx).
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Kale seeds were sown in a poly house with farm-derived organic potting soil mix in 72-count
seed trays five weeks before transplanting to the field (late August). Seedlings were transplanted
into 108’ raised beds with 12” spacing between plants in the first week of October in 2020. Each
plot had three plants, and the beds were replicated three times (cultivars, n=39; germplasm, n=66).

Land Preparation
The USDA Organic certified field at Clemson University Organic Farm was rototilled one
month before transplanting, and the soils were fertilized two weeks before transplanting with
Nature Safe 13-0-0 organic fertilizer (Darling Ingredients, Irving, TX, USA) at a rate of 504 kg/ha.
The soil had a pH of 6.5, cation exchange capacity of 14.4 meq/100g, contained 6.2% organic
matter, and had higher than average K (326 kg/ha) and Ca (4626 kg/ha) levels. The average air
temperature was 16.5 °C (61.7 °F), and the total precipitation was 274 mm (10.8 inches) during
the growing season. Kale transplants were hand planted in each bed. Plants were irrigated daily
for 30 min at a rate of 6 L/h. Weeds were removed manually using a hoe every three weeks. At 5
and 3 weeks before harvest, plants were sprayed with Bacillus thuringiensis, Agree WG–
Biological Insecticide (Certis Biologicals, Columbia, MD, USA) at a rate of 5 mL/3.8 L water and
insecticidal soap (Safer® Brand #567 Pyrethrin & Insecticidal Soap Concentrate II) at a rate of
0.30 mL/3.8 L water for cabbage looper moth larvae treatment. These products are organically
certified and the standard management practice for moth larvae at the Clemson Student Organic
Farm. At physiological maturity 6-9 weeks after transplanting, plants were harvested at the stem
base near the soil surface. Physiological maturity is described as the majority of leaves open,
perpendicular to the main stem (Figure 2.1, Figure 2.2). Fresh biomass was recorded as the
average biomass of replicate plants. Three whole leaves were harvested, washed, and stored in
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freezer bags for mineral and carbohydrate analyses. Leaf samples with petiole were stored at −20
C and later oven-dried for 3 h at 105 C. Samples were finely ground using a Kitchen Aid Coffee
and Spice Grinder CG211OB. Nutritional data are presented on a fresh weight basis (85%
moisture).

Carbohydrate Analysis
Water-soluble carbohydrates were extracted as described by Muir et al. (2009). Accordingly,
oven-dried and ground samples (500 mg) were weighed and placed in 15-mL polypropylene
conical tubes. Ten mL of ultrapure water were added, then the sample vortexed and placed in a
water bath at 80 C for 1 h. Samples were then centrifuged at 3000×g for 10 min, diluted with 10
mL of ultrapure water, and filtered through a 13 mm × 0.45 μm nylon syringe filter
(Chromatographic Specialties, Brockville, ON, Canada). Simple sugars, sugar alcohols, and
oligosaccharides were analyzed using high-performance anion-exchange chromatography with
pulsed amperometric detection on a Dionex ICS 5000+ (Thermo Scientific, Waltham, MA, USA)
(Feinberg et al., 2009). Carbohydrates were separated by a CarboPac PA-100 4×250 mm column
in series with a CarboPac PA-100 4×50 mm guard column (Dionex, Sunnyvale, CA, USA). The
mobile phase flow rate was kept constant at 1 mL/min. Solvents used for elution were 100mM
sodium hydroxide/600mM sodium acetate (Solvent A), 200 mM sodium hydroxide (Solvent B),
and ultrapure water (Solvent C). The initial 2 min used 50% B and 50% C, followed by a gradient
change to 2% A, 49% B, and 49% C by 2.1 min. By 20 min, the gradient had changed linearly to
16% A, 42% B, and 42% C. Finally, by 20.1 min, the concentration of solvents returned to the
initial mixture of 0% A, 50% B, and 50% C. Lentil samples, routinely used in the Pulse
Biofortification and Nutrition Laboratory to monitor for batch-to-batch variation, were routinely
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analyzed as a reference within an error of less than 5%. Detection was conducted using a Dionex
Gold disposable electrode on a polyester substrate and silver-silver chloride electrode set to 2.0
µA. In addition, linear calibration models for standards had errors of less than 5%. Prebiotic
carbohydrate data are reported in mg/100 g on a fresh weight basis (85% moisture).

Mineral Analysis
The minerals and trace elements analyzed included calcium (Ca), magnesium (Mg),
phosphorous (P), potassium (K), iron (Fe), zinc (Zn), manganese (Mn), and copper (Cu). Mineral
analysis was performed on finely ground samples (250 mg) by inductively coupled plasma optical
emission spectroscopy (ICP-OES) using a Thermo 6500 Duo instrument (Thermo Fisher
Scientific, PA, USA). A modified nitric acid–hydrochloric acid digestion was performed
(Thavarajah et al., 2009), in which 4 mL of 70% nitric acid were added to the ground kale samples
for overnight digestion. Samples were then digested using a QBlock heating block (Questron
Technologies Corp., ON, Canada) at 90 C for 2 h, after which 4 mL of 37% (6M) hydrochloric
acid were added and the mixture held at 90 C for 1 h. Samples were then filtered and the volume
increased to 10 mL using ultrapure water. Detection limits were 30 μg/L for Mg, Ca, and K and 5
μg/L for Fe, Zn, Mn, and Cu. Mineral data are reported as mg/100 g or µg/100 g at 85% moisture
and as % daily value (%DV) as calculated from US Food and Drug Administration (FDA) daily
values (Center for Food Safety and Applied Nutrition, 2020). Analytical quality assurance was
accomplished using authentic calibration standards, lab references, and the National Institute of
Standards and Technology (NIST) standard reference material peach leaves 1547 with an accuracy
of +/- 5% error (Thavarajah et al., 2021). NIST values are as follows: Ca (1,559 mg/100g), Mg
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(432 mg/100g), P (137.1 mg/100g) K (2,433 mg/100g), Fe (219.8 mg/kg), Zn (1.791 mg/100g),
Mn (9.78 mg/100g), and Cu (0.375 mg/100g) (NIST, 2017).

Statistical Analysis
Plants were grown in a completely randomized block design with three replicates. Analysis of
variance (ANOVA) was performed in JMP Pro 15 software (SAS Institute Inc., Gary, NC, USA)
using biomass, prebiotic carbohydrate concentrations, and mineral concentrations as dependent
variables and genotype, replication, and genotype by replication as independent variables in the
model. Biomass, prebiotic carbohydrates, and minerals were all analyzed separately. Genotype
and replication were considered fixed factors, while genotype by replication was considered a
random factor. Means were determined and separated by Fisher’s protected least significant
difference (LSD) at p-values of 0.05 and 0.10.

Results and Discussion

This study provides additional evidence of genetic variation for biomass in kale cultivars and
USDA germplasm when planted in the fall and grown under organic management (Table 2.2,
Figures 2.1 and 2.2), which suggests selecting for organically adapted lines of kale based on
genotype is possible (Table 2.2). Among all kale cultivars, ‘Westlander’ had the highest biomass
(404 g/plant) while ‘Black Magic’ had the lowest (60 g per plant) (Figure 2.1, Table A-4). Among
the USDA germplasm, PI 662649 (506 g/plant) and PI 143351 (495 g/plant) had the highest
biomass, while PI 204682 had the lowest (73 g/plant) (Figure 2.2, Table A-4). Average biomass
was greater by 50 g/plant in USDA germplasm compared to kale cultivars. Differences in biomass

46

for organic kale may be due to variations in nutrient uptake and nutrient utilization efficiency,
which is defined as the plant’s ability to produce biomass using a given nutrient (Urlić et al., 2015).
For example, kale plants grown in phosphorous-deficient (0.01 mM PO43-) conditions had biomass
values 2.5–3 times lower than those that were not (0.2 mM PO43-) (Urlić et al., 2015). Additionally,
genotype has been shown to have a significant effect (P<0.001) on leaf area, shoot dry weight, and
plant dry weight under normal (0.2 mM PO43-) and phosphorous-deficient conditions (0.01 mM
PO43-) in conventionally grown kale (Urlić et al., 2015). However, nutrient uptake and nutrient
utilization efficiency are not well understood across various kale genotypes under organic
conditions. Therefore, further study is needed to elucidate their relationship to biomass under
organic conditions.
This study’s mean mineral nutrition in kale cultivars and germplasm (Table 2.3) differs from
the previous work in conventionally and organically grown kale (Sikora & Bodziarczyk, 2012;
Thavarajah et al., 2016, 2021). Ca and K concentrations in the present study are significantly
higher than previously recorded values for both conventionally grown cultivars (509 vs. 106 and
and 380.7 mg Ca/100g; 634 vs. 488 and 501.5 mg K/100g) and as well as organically grown kale
cultivars (509 vs. 236 mg Ca/100g; 634 vs. 124 mg K/100g) and germplasm (502 vs. 279 mg
Ca/100g; 600 vs. 205 mg K/100g) (Sikora & Bodziarczyk, 2012; Thavarajah et al., 2016, 2021);
however, this increase is most likely the result of higher-than-average levels of Ca and K (326
kg/ha K and 4626 kg/ha Ca) found in the soil at Clemson in 2020. For cultivars, ‘Scarlet’ had the
highest %DV for Ca (56%) (Table 2.4). Levels of both Mg and P are comparable to previously
recorded values of summer-planted organic kale, which indicates growing season has a negligible
effect on Mg and P concentrations in organically grown kale (Table 2.3 and 2.4) (Thavarajah et
al., 2021). However, genotype significantly affects Mg concentration in the cultivars, of which
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‘Curly Roja’ had the highest %DV (1.5%) (Table 2.3). Levels of Mn for organic kale are markedly
higher (4.1 vs. 0.8, 1.0, and 0.91 mg/100g) than noted in previous studies (Sikora & Bodziarczyk,
2012; Thavarajah et al., 2016, 2021), as well as when compared to the USDA standard values of
0.92 mg/100 g (FoodData Central, 2019). The organically grown kale in this study provide 178%
of the DV for Mn, compared to the roughly 40% reported by the USDA (Table 2.3) (FoodData
Central, 2019; Center for Food Safety and Applied Nutrition, 2020). Significant genotypic effect
(P<0.05) was exhibited for Mn; cultivar ‘Curly Roja’ had the highest concentration of Mn (219%
DV) while cultivar ‘Red Russian had the lowest concentration of Mn (99.1% DV) (Table 2.4).
Significant genotypic effects on Zn concentration were also observed, with the highest Zn
concentration (6.8% DV) observed in the cultivar ‘Black Magic’ (Table 2.4). Levels of Zn are
comparable to previously recorded values in both conventionally and organically grown kale
(Sikora & Bodziarczyk, 2012; Thavarajah et al., 2021), suggesting conventional versus organic
production does not impact Zn concentration. However, organic versus conventional growing
conditions did impact the concentration of Zn in turnip greens, another Brassica, suggesting this
lack of effect may be specific to kale (Cámara-Martos et al., 2021).
Cu values from the present study are lower, while Fe values are higher when compared to
previous reports for both conventionally and organically grown kale (Sikora & Bodziarczyk, 2012;
Thavarajah et al., 2016, 2021). These results indicate seasonal variation in mineral nutrition among
summer- and fall-planted organic kale. Summer-planted organic kale cultivars had a mean
concentration of 1.1 mg/100 g Fe and 200 µg/100 g Cu (Thavarajah et al., 2021), whereas fallplanted organic kale cultivars in this study have mean concentrations of 2.02 mg/100 g Fe and 33
µg/100 g Cu (Table 2.3). The same trend was observed for the USDA germplasm: organic,
summer-planted germplasm had a mean concentration of 1.4 mg/100 g Fe and 338 µg/100 g Cu
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(Thavarajah et al., 2021), whereas organic, fall-planted germplasm in the present study has a mean
concentration of 1.7 mg/100 g Fe and 31 µg/100 g Cu (Table 3). These results are supported by
evidence of seasonal variation in mineral nutrition of Portuguese cabbage and kale (Rosa &
Heaney, 1996). Environmental effects, including cover crops, temperature, and drought stress, can
also significantly impact kale production (Thavarajah et al., 2019; Pathirana et al., 2017). Given
the significance of genotype, the interaction between genotype and the environment likely affects
mineral nutrition. However, further research is needed to investigate the interaction effects of
genotype and environmental conditions in fall-planted organic kale.
Kale has the potential to fight obesity because it contains prebiotic carbohydrates and has a
low caloric value (Johnson et al., 2021). The kale cultivars ‘Red Russian’ and ‘Black Magic’ had
the greatest total sugar alcohols and raffinose family oligosaccharides and fructooligosaccharides
(RFO + FOS). Cultivars ‘Blue Knight’ and ‘Lacinato’ also had high amounts of sugar alcohols
and ‘Pentland Brig’ had a high concentration of RFO + FOS (Figures 2.3 and 2.4). Sugar alcohols
are important as artificial sweeteners with prebiotic effects that promote dental health, whereas
RFO have potential antioxidant funtions and FOS are known for prebiotic effecs (Grembecka,
2015; Van der Ende, 2013; Le Bourgot et al., 2018). Both cultivars and germplasm had the highest
concentrations of glucose and fructose for all simple sugars, with lesser concentrations of
rhamnose, ribose, and maltose in cultivars and of maltose in the USDA germplasm (Figures 2.3
and 4). When compared to another nutritional study of kale, the cultivars and germplasm used in
this study have lower concentrations of sorbitol, mannitol, glucose, fructose, sucrose, and
arabinose (Table 2.3) than those reported in conventionally grown kale (Thavarajah et al., 2016).
Additionally, the concentrations of sorbitol, mannitol, glucose, fructose, verbascose, and kestose
were lower in organic, fall-planted kale than organic, summer-planted kale (Thavarajah et al.,
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2021). A potential explanation for lower levels of these prebiotic carbohydrates is the effect of
varying environmental factors in different growing seasons. Furthermore, concentrations of
sucrose, stachyose + raffinose, and nystose were higher in the fall-planted kale grown in this study
(Table 2.2) than those previously reported by Thavarajah et al. (2021). These results suggest
seasonal variation plays a role in determining prebiotic carbohydrate concentration in organic
environments. Though many of the same cultivars and germplasm analyzed by Thavarajah et al.
(2021) were analyzed in this study, the populations were not identical, indicating genetic variation
is at least in part responsible for the differences observed.
Selecting kale genotypes for fall planting, and organic environmental conditions is a necessary
component for both biofortification organic breeding efforts for kale. The cultivar ‘Westlander’ is
well adapted to fall-planted organic conditions, as it has high biomass and sugar alcohol
concentrations (Figures 2.1 and 2.3). Other notable cultivars include ‘Scarlet’ and ‘Curly Roja’,
which have significantly (P<0.10 for Ca; P<0.05 for Zn, Mg, & Mn) high mineral concentrations
(Table 2.4). The cultivars ‘Red Russian’ and ‘Black Magic’ performed well in prebiotic
carbohydrates but had lower biomass than other cultivars (Figures 2.1 and 2.3). Future studies in
organic breeding should utilize genotypes ‘Westlander’, PI 662649, and PI 143351 to develop
organic kale with increased biomass (Figures 2.1 and 2.2). Additionally, nutritional breeding
efforts should use genotypes ‘Scarlet’ and PI 662673 for Ca content, PI 662714 for Cu content,
‘Curly Roja’ and PI 662652 for Mg content, PI 662673 for K content, ‘Curly Roja’ for Mn content,
and ‘Black Magic’ for Zn content (Tables 2.3 and 2.4). Finally, nutritional breeding efforts for
prebiotic carbohydrate concentrations could utilize genotypes ‘Westlander’ and ‘Red Russian’ for
sugar alcohols; genotypes ‘Black Magic,’ ‘Blue Knight,’ ‘Lacinato,’ ‘Pentland Brig,’ and PI
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249556 for simple sugars; and genotypes ‘Black Magic’, ‘Pentland Brig,’ ‘Red Russian,’ and PI
662767 for nystose (Figures 2.3 and 2.4).

Conclusion

This study shows significant genetic variation among fall-planted, organically grown kale
cultivars and kale relatives (Figure 2.2) in biomass, mineral nutrition, and prebiotic carbohydrate
concentrations. Of the cultivars used in this experiment, ‘Westlander’ had the most significant
biomass, ‘Scarlet’ & ‘Curly Roja’ had superior mineral nutrition, and ‘Red Russian’ and ‘Black
Magic’ had high concentrations of prebiotic carbohydrates. Differences were observed between
fall- and summer-planted organically grown cultivars, indicating seasonal variation for kale grown
under organic conditions. The kale grown in this study exhibited lower mineral nutrition and
prebiotic carbohydrates than conventionally grown kale, highlighting the need for additional
breeding efforts to optimize nutrition in organically grown kale. Overall, this study contributes to
our understanding of organic production for fall-planted kale and indicates that the agronomic and
nutritional quality of kale can be further improved with germplasm selection.
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Table 2.1. Kale cultivars and plant introductions used in this study

Kale Commercial Cultivars (13)

Black Magic, Blue Knight, Curly Roja,
Darkibor F1, Dwarf Green Curled, Lacinato,
Meadowlark, Pentland Brig, Red Russian,
Scarlet, Vates, Westlander, Winterbor F1

Replications

3

Number of Cultivar Plots

39

USDA Germplasm (22)

141572, 143351, 204682, 249556, 435900,
662520, 662592, 662647, 662648, 662649,
662652, 662673, 662714, 662768, 662840,
662565, 662566, 662567, 662568, 662665,
662766, 662767, 662622

Replications

3

Number of USDA Germplasm

66

58

Table 2.2. ANOVA for biomass, prebiotic carbohydrates, and mineral nutrients of organically grown kale
Biomass
Source

df

Cultivars
Genotype

12

Replication

Sugar alcohols

Simple Sugars

RFOs +FOS

Minerals

Myo

Xyl

Sor

Manni

Glu

Fru

Suc

Rha

Ara

Manno

Rib

Mal

Sta +
Raf

Ver +
Kest

Nys

Ca

Zn

K

Mg

Mn

P

Fe

Cu

**

NS

**

**

NS

**

**

NS

**

NS

NS

**

**

NS

NS

**

*

**

NS

**

**

NS

NS

NS

2

NS

NS

**

*

**

**

NS

*

NS

**

**

**

NS

**

NS

NS

**

NS

**

NS

**

**

*

**

Germplasm
Genotype

21

**

NS

NS

NS

NS

*

**

NS

NS

NS

NS

NS

**

NS

NS

**

*

NS

**

**

NS

NS

NS

**

Replication

2

NS

*

**

NS

NS

NS

*

NS

**

**

NS

NS

NS

**

**

**

**

NS

**

**

*

**

**

NS

Myo-inositol (Myo), Xylitol (Xyl), Sorbitol (Sor), Mannitol (Manni), Glucose (Glu), Fructose (Fru), Sucrose (Suc), Rhamnose (Rha),
Arabinose (Ara), Mannose (Manno), Ribose (Rib), Maltose (Mal), Stachyose + Raffinose (Sta + Raf), Verbascose + Kestose (Verb +
Kest), Nystose, Calcium (Ca), Zinc (Zn), Potassium (K), Magnesium (Mg), Manganese (Mn), Phosphorus (P), Iron (Fe), and Copper
Cu).
** Significant at P < 0.05, * significant at P < 0.10
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Table 2.3. Mean concentrations of mineral nutrients and prebiotic carbohydrates in organically grown kale
Nutrient
(mg/100 g)

Cultivars

USDA Germplasm

Range

Mean

% Daily Value

Range

Ca

191-1050

509

39 %

167-1060

K

374-889

634

13 %

P

33-65

46

Mg

26-72

Mn

Mean

Standard Kale Nutrition1

% Daily Value

Mean

% Daily Value

502

39 %

254

20 %

335-948

600

13 %

348

7%

4%

26-65

42

3%

55

4%

41

1%

23-64

40

1%

32.7

1%

1.1-7.0

4.1

178 %

0.7-7.8

3.5

152 %

0.92

40 %

Fe

0.7-3.6

2.02

11 %

0.5-3.8

1.7

9%

1.6

9%

Zn

0.3-1.0

0.5

5%

0.3-1.0

0.49

4%

0.39

4%

Cu (g/100 g)

4.4-64

33

4%

10.6-6.3

31

3%

53

6%

Myo-inositol

47-119

87

16-125

75

Xylitol

0.8-8

3.8

0.6-8

3.3

Sorbitol

0.3-7.5

3.4

0.3-7.5

2.9

Mannitol

0.1-1.8

0.7

0.1-1.7

0.7

Arabinose

3.8-82

35

1.9-82

40

Glucose

16-360

174

29-524

192

Fructose

17-342

205

27-505

244

Maltose

0.1-22

6

0.2-25

7.5

Mannose

3.8-20

12

3.8-20

12

Rhamnose

2.9-50

20

0.8-50

21

Ribose

4.1-48

24

3.8-48

25

Sucrose

0.3-75

18

0.3-75

25

Stachyose +
Raffinose
Verbascose +
kestose

0.2-17

8

0.2-17

7.8

0.3-5.3

1.4

0.3-5.3

1.5

Nystose

0.9-57

17

1.7-57

23

Minerals

Sugar Alcohols

Simple Sugars

RFO and FOS

Values are based on the combined statistical analysis of 38 data points (1 missing data point) for the cultivars and 66 data points for the
USDA germplasm
1
Values calculated from USDA FoodDataCentral Nutrient Database data and FDA Daily Value recommendations
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Figure 2.1. Mean biomass of fall-planted organically grown cultivars in 2020.
The numbers on the x-axis correspond to the kale cultivar. Cultivars with different letters above the bars are
significantly (P<0.05) different from other cultivars in terms of biomass.
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Figure 2.2. Mean biomass of fall-planted organically grown USDA germplasm.
The numbers on the x-axis correspond to the PI in the USDA germplasm. PIs with different letters above the
bars are significantly (P<0.05) different from the other PIs in terms of biomass.
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Table 2.4. Percent daily value of mineral nutrients of fall-planted, organically grown kale cultivars
Ca
Cultivar

Zn

K

Mg

Mn

P

Fe

mg/100 g

Cu
µg/100g

Black Magic

33.1± 4.1 bcd

6.8 ± 1.9 a

14.8 ± 4.4

0.9 ± 0.07 bc

196.1 ± 18.4 ab

4.2 ± 1.0

9.7 ± 0.5

3.7 ± 2.1

Blue Knight

33.5 ± 4.0 bcd

3.1 ± 0.3 e

12.2 ±1.3

0.7 ± 0.11 c

169.1 ± 78.3 abc

2.8 ± 0.1

8.3 ± 0.4

2.9 ± 1.1

Curly Roja

48.6 ± 16.1 ab

5.9 ± 1.1 abc

12.8 ± 1.4

1.5 ± 0.26 a

219.1 ± 74.74a

3.9 ± 0.5

9.9 ± 8.4

4.5 ± 2.2

Darkibor F1

40.7 ± 17.0 abcd

3.8 ± 0.6 de

13.1 ± 3.4

0.9 ± 0.11 bc

151.7 ± 42.3 abcd

3.1 ± 0.1

14.3 1.8

3.1 ± 1.5

Dwarf Green
Curled
Lacinato

34.7 ± 15.5 bcd

6.1 ± 1.7 abc

11.9 ± 4.6

0.9 ± 0.29 bc

213.5 ± 45.9 a

4.1 ± 0.9

11.2 ± 5.4

2.7 ± 2.3

43.4 ± 7.6 abcd

4.2 ± 0.1 cde

14.2 ± 2.9

1.1 ± 0.1 b

207.4 ± 25.7 ab

3.4 ± 0.5

9.9 ± 1.9

4.3 ± 1.6

Meadowlark

43.4 ± 12.6 abcd

4.3 ±1.9 bcde

15.3 ± 2.5

0.9 ± 0.13 bc

173.5 ± 79.0 abc

3.6 ± 1.2

12.9 ± 6.2

3.4 ± 0.9

Pentland Brig

26.8 ± 11.2 d

5.3 ± 1.1 abcd

13.5 ± 2.1

0.8 ± 0.12 c

139.6 ± 24.1 bcd

4.2 ± 0.4

10.1 ± 4.4

6.2 ± 1.0

Red Russian

29.7 ± 8.5 cd

3.4 ± 0.9 de

15.9 ± 2.7

0.7 ± 0.09 c

99.1 ± 55.0 d

3.7 ± 1.3

9.5 ± 2.3

3.4 ± 1.8

Scarlet

56.1 ± 21.5 a

5.4 ± 1.5 abcd

13.2 ± 5.0

1.2 ± 0.16 ab

208.7 ± 25.8 ab

3.4 ± 0.5

14.6 ± 2.4

3.6 ± 2.2

Vates

44.4 ± 12.9 abc

3.9 ± 0.7 de

14.3 ± 0.8

1 ± 0.35 bc

122.2 ± 38.6 cd

3.7 ± 0.4

13.2 ± 2.4

2.9 ± 1.9

36 ± 7.5 bcd

6.2 ± 0.8 ab

11.9 ±2.2

1 ± 0.04 bc

193.9 ± 54.3 ab

4.3 ± 0.2

13.1 ± 6.0

2.9 ± 1.4

38.8 ± 22.7 bcd

3.5 ± 0.4 ab

12.5 ± 2.8

0.9 ± 0.22 bc

209.1 ± 73.8 ab

3.8 ± 1.0

9.6 ± 3.1

4.6 ± 2.2

Westlander
Winterbor F1
ameans

with a letter following indicate a statistically significant difference at P<0.05 or P<0.1. Calcium (Ca), Zinc (Zn), Potassium (K), Magnesium
(Mg), Manganese (Mn), Phosphorous (P), Iron (Fe), and Copper (Cu).
% Daily Value and standard deviation are calculated from FDA Daily Values; specific nutritional means for each cultivar can be found in the
supplemental figures
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Table 2.5. Percent daily value of mineral nutrients of fall-planted, organically grown USDA germplasm
Ca
Cu
Zn
Fe
K
Mg
Mn
P
mg/100 g
µg/100g
141572
41.6 ± 23.2 bcd
4.5 ± 2.2 7.3 ± 2.2
13.2 ± 3.3 abcd
0.9 ± 0.26 bcdef
168.1 ± 117.0
3.3 ± 1.2
3.7 ± 2.2 bcdefg
204682
37.4 ± 9.6 bcd
5.4 ± 1.2 14.9 ± 1.5 ab
0.7 ± 0.03 f
4.4 ± 0.9
4.2 ± 0.3 bcde
249556
29.5 ± 20.7 cd
4.5 ± 1.1 8.6 ± 5.0
10.2 ± 3.9 cd
0.7 ± 0.11 f
152.5 ± 136.4
3.0 ± 0.6
1.2 ± 0.8 g
435900
38.0 ± 26.60 bcd 4.5 ± 0.9 9.6 ± 4.1
13.3 ± 4.7 abcd
1.0 ± 0.29 bcdef
134.0 ± 110.4
3.2 ± 0.9
3.2 ± 0.3 bcdefg
662565
36.7 ± 12.3 bcd
5.5 ± 2.0 9.2 ± 3.0
10.3 ± 0.7 cd
1.0 ± 0.25 bcdef
157.4 ± 12.2
3.7 ± 0.5
1.9 ± 1.2 efg
662566
32.4 ± 13.8 bcd
5.4 ± 0.8 7.1 ± 3.0
12.2 ± 3.0 abcd
0.9 ± 0.25 bcdef
202.6 ± 81.5
3.8 ± 0.2
2.0 ± 1.0 defg
662567
38.5 ± 8.0 bcd
5.1 ± 0.5 8.9 ± 1.8
11.1 ± 1.8 bcd
1.0 ± 0.26 bcdef
177.7 ± 30.9
3.5 ± 0.3
2.7 ± 0.6 cdefg
662568
49.1 ± 11.2 ab
3.6 ± 0.4 11.7 ± 2.6
15.8 ± 4.4 a
0.9 ± 0.18 cdef
159.2 ± 47.1
3.6 ± 0.5
4.6 ± 1.5 abcd
662592
29.6 ± 13.0 cd
6.0 ± 2.0 13.0 ± 5.1
15.2 ± 1.5 a
0.8 ± 0.05f
181.5 ± 121.6
3.7 ± 0.5
4.8 ± 0.6 abc
662622
31.2 ± 17.0 bcd
3.4 ± 0.6 6.8 ± 0.5
14.9 ± 2.2 ab
0.8 ± 0.23 def
115.0 ± 34.0
3.6 ± 0.7
3.0 ± 1.4 cdefg
662647
34.6 ± 20.1 bcd
3.6 ± 0.9 11.6 ± 7.7
12.9 ± 3.5 abcd
0.8 ± 0.08 def
127.7 ± 36.2
2.9 ± 0.6
3.7 ± 1.7 bcdefg
662648
41.2 ± 16.9 bcd
4.7 ± 1.3 7.1 ± 2.3
13.3 ± 2.9 abcd
1.0 ± 0.25 bcdef
151.4 ± 68.9
3.1 ± 0.6
3.0 ± 0.7 cdefg
662649
43.8 ± 16.5 bc
4.5 ± 1.1 8.1 ± 2.6
14.0 ± 2.7 abc
1.1 ± 0.07 ab
136.1 ± 22.0
3.0 ± 0.6
1.4 ± 1.0 fg
662652
44.3 ± 14.0 bc
4.6 ± 1.1 8.2 ± 5.5
12.1 ± 4.4 abcd
1.3 ± 0.26 a
148.9 ± 95.8
2.8 ± 0.6
3.6 ± 0.5 bcdefg
662665
43.0 ± 21.4 bc
4.6 ± 1.4 11.1 ± 5.4
12.1 ± 3.1 abcd
1.0 ± 0.36 bcdef
126 ± 40.7
3.4 ± 0.8
4.5 ± 1.7 abcde
662673
63.0 ± 16.2 a
5.0 ± 1.2 11.0 ± 1.9
15.9 ± 3.7 a
1.1 ± 0.34 abcd
186.8 ± 126.3
3.9 ± 1.0
5.9 ± 1.9 ab
662714
5.7 ± 2.6 15.1 ± 2.7 ab
1.1 ± 0.43 abcde
199.5 ± 35.4
2.8 ± 0.1
7.1 ± 1.0 a
662766
34.0 ± 23.0 bcd
6.4 ± 1.0 8.1 ± 3.5
9.6 ± 2.4 d
0.9 ± 0.23 bcdef
75.8 ± 40.7
3.4 ± 0.1
3 ± 1.9 cdefg
662767
24.5 ±13.3 d
5.1 ± 0.3 6.5 ± 2.6
10.4 ± 3.6 cd
0.8 ±0.25 ef
48.9 ± 18.9
3.1 ± 0.3
2.3 ± 0.5 cdefg
662768
36.7 ± 9.6 bcd
4.4 ± 0.3 7.6 ± 1.7
12.2 ± 2.7 abcd
0.9 ± 0.16 bcdef
156.1 ± 75.0
3.2 ± 1.0
4.1 ± 1.7 bcdef
662840
46.5 ± 25.1 abc
6.9 ± 0.7 9.5 ± 4.0
12.8 ± 4.6 abcd
1.1 ± 0.26 abc
264.1 ± 80.9
3.6 ± 0.8
4.9 ± 2.7 abc
143351
34.4 ± 20.7 bcd
5.6 ± 0.3 7.7 ± 3.1
9.5 ± 1.4 d
1.1 ± 0.39 ab
104.6 ± 29.1
3.7 ± 0.8
2.4 ± 0.9cdefg
ameans with a letter following indicate a statistically significant difference at P<0.05 (Zinc (Zn), Potassium (K), Magnesium (Mg), Manganese (Mn),
Phosphorous (P), Iron (Fe), and Copper (Cu)) or P<0.10 (Calcium (Ca).
% Daily Value and standard deviation are calculated from FDA Daily Values; specific nutritional means for each plant introduction can be found in
the supplemental figures.
Genotype
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Figure 2.3. Mean concentrations of prebiotic carbohydrates in fall-planted organically grown kale cultivars. The concentrations of sugar alcohols (A),
simple sugars (B and C), and the RFO + FOS, nystose (D) are depicted in each bar graph. Numbers on x-axes corresponds to the kale cultivar.
Cultivars with different letters above the bars are significantly (P<0.05) different from other cultivars in terms of prebiotic carbohydrate
concentration.
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Figure 2.4. Mean concentrations of prebiotic carbohydrates in fall-planted, organically grown USDA kale germplasm. The concentrations of simple
sugars (A and B) and the RFOS + FOS, nystose (C) are depicted in each bar graph. Numbers on the x-axes correspond to the PI in the USDA
germplasm. PIs with different letters above the bars are significantly different (P<0.01 for glucose, P<0.05 for fructose, maltose, and nystose) from
the other PIs in terms of prebiotic carbohydrate concentration.
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Figure 2.5. Kale cultivars grown in this study at physiological maturity (ready for harvest)
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Figure 2.6. USDA germplasm grown in this study at physiological maturity (ready for harvest)
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CHAPTER THREE

SHELF LIFE OF GREENHOUSE AND GARDEN-GROWN KALE IN NITROGENENRICHED AND NON-ENRICHED PACKAGING

Abstract

Over half of global food waste occurs at retail and in households, highlighting the importance of
improving shelf life. Many factors affect shelf life, including storage temperature, harvest time,
processing method, and packaging. Modified atmosphere packaging (MAP), such as the use of
nitrogen (N2), has been used to improve the shelf life of produce. The objective of this study was
to determine the effect of nitrogen-enriched packaging on the shelf life of greenhouse- and gardengrown kale in raised beds outdoors. Five kale cultivars (‘Black Magic’, ‘Darkibor’, ‘Lacinato’,
‘Red Russian’, and ‘Westlander’) were grown in the greenhouse and 4 cultivars (‘Curly Roja’,
‘Dwarf Green Curled’, ‘Meadowlark’, and ‘Vates’) outdoors in raised beds, harvested and stored
in nitrogen-enriched or non-enriched bags for 6 days. Leaf water content, water activity, color,
visual score, and texture were measured for each replicate. Nitrogen-enriched packaging had a no
effect on kale shelf life. Garden-grown kale exhibited significantly lower water activity (0.979 vs.
0.999) and noticeably lower water content (88.6 vs. 90.6%) than greenhouse-grown kale. Cultivar
was significant for all factors tested except for texture on day 4 and change in light to dark (Δ L*)
and blue to yellow (Δ b*) color ratios. At the end of the study, cultivars ‘Darkibor’ and ‘Curly
Roja’ had the highest visual score (4.4) and texture (305 g), respectively. At. The high performance
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of ‘Darkibor’ and ‘Curly Roja’ in visual score and texture may be due to decreased (Δ L*) and (Δ
b*) values as well as decreased water content and water activity values. Future breeding efforts
focused on the shelf life of kale should use the top-performing cultivars identified in this study and
a diverse genetic population tested in a range of environments to develop cultivars with a longer
shelf life.

Introduction

Global vegetable production totaled just over 1 billion metric tons in 2018, with cabbages
and other brassicas comprising 69 million metric tons (FAO & CIRAD 2021). In 2017 about 4.3
million acres of vegetables were harvested in the US, including over 430,000 acres of leafy greens
that include lettuce (Lactuca sativa; 345,965 acres), spinach (Spinacia oleracea; 69,969 acres),
and kale (Brassica oleracea var. acephala; 15,325 acres) (USDA NASS, 2017). Kale is a lowcalorie, nutrient-rich leafy green that contains 10% or more of 17 essential nutrients, including
prebiotic carbohydrates, minerals, and vitamins (Thavarajah et al., 2019). Kale’s popularity and
production have significantly increased over the past decade in both conventional and organic
agriculture due to its perceived health benefits. In 2021 kale comprised 1.3% of total organic
produce sales, valued at more than $17 billion USD in 2018 (Pullano, 2015;Produce Market Guide,
2021; USDA NASS, 2017; Šamec et al., 2019). Unfortunately, not all produce harvested is used,
which can result in food waste.
Food waste is detrimental to the world economy, as the total social, economic, and
environmental cost of global annual food waste is estimated to be $2.6 trillion USD (FAOSTAT,
2014). An estimated 931 million tons of food waste were generated in 2019, which accounted for
17% of global food production (Forbes et al., 2021). Moreover, the detrimental effects of food
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waste have environmental implications as global carbon emissions associated with food waste may
account for 8 to 10% of total greenhouse gas emissions (Mbow et al., 2019).
Shelf life is an essential consideration with respect to food waste: if a food product has a
more extended shelf life, it will last longer and is more likely to be used before it spoils. Indeed,
35% of vegetable waste in the US occurs at retail or after consumer purchase (Gunders & Bloom,
2017). The need to extend shelf life is supported by the high proportion of global food waste
generated at the household level, which in 2021 (at 61% of global food waste) was more than twice
the 2011 estimate (Forbes et al. 2021).
The shelf life of leafy greens depends on various factors, including time of harvest, method
of processing, storage temperature, and packaging material (Albornoz and Cantwel, 2016;
Cantwell et al. 2016; Sripong et al. 2018; Casajús et al. 2021). Postharvest treatment of leafy greens
such as kale usually includes one or multiple rinses in chlorinted water, hydrocooling, and
additional cooling and packing with ice (Boyette et al. 1992). Bagging harvested kale reduces
moisture loss, maintains color, and reduces senescence (Sidhu 2013; Albornoz & Cantwell 2016).
One way to increase the shelf life of vegetables is to use modified atmosphere packaging (MAP),
which usually uses varying concentrations of nitrogen (N2), oxygen (O2), and carbon dioxide (CO2)
mixtures (Sandhya 2010). Nitrogen is an odorless, tasteless, colorless, and relatively non-reactive
gas that inhibits the growth of aerobic bacteria and has been used to inhibit microbial growth in
fresh-cut vegetables (Koseki and Itoh, 2002; Sandhya, 2010). The optimal mix of nitrogen,
oxygen, and carbon dioxide varies with the product, although lower levels of O2 and higher levels
of CO2 generally inhibits respiration (Sandhya 2010). However, increased levels of highly soluble
CO2 can enter the product resulting in package collapse, but can be avoided with N2 (Sandhya
2010). Studies with fresh-cut lettuce and cabbage show decreased browning and microbial growth
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in N2 MAP compared to atmospheric air, but research on the effect of nitrogen-enriched MAP on
kale is lacking (Koseki and Itoh, 2002). Therefore, this study focused on elucidating the effect of
nitrogen-enriched packaging on the shelf life of greenhouse- and garden-grown kale.

Materials and Methods

Materials
Nine kale cultivars were used in this study. Commercial seeds were purchased from High
Mowing Seeds, VT, and Johnny’s Selected Seeds, ME, USA. A list of market classifications of
cultivars can be found in Reda et al., 2022.

Greenhouse Design
This study was conducted from August through November 2021 at the Clemson University
Greenhouses and Tiger Gardens, located in Clemson, SC (lat. 34.40274°N, long. 82.49565°W)
Kale cultivars ‘Black Magic’, ‘Darkibor,’ ‘Lacinato,’ ‘Westlander,’ and ‘Red Russian’ were sown
in a germination mix (Sungro Propagation Mix, Sungro Horticulture, Agawam, MA) in 72 cellcount trays on 16 Aug 2021 in Clemson, SC at the Clemson University Greenhouses on 16 Aug
2021. Seven seedlings per cultivar (n=35) were transplanted to 1-gallon pots of soilless media
(Sungro Professional Growing Mix, Sungro Horticulture, Agawam, MA) on 30 Aug. The plants
were grown under natural irradiance supplemented by a 14 h photoperiod using Phantom
Photobio•T PTB3330LS4X high efficiency LED lights (Phantom Photobio, CA, USA) spaced 122
cm (4 ft) above the plant canopy. Greenhouse conditions averaged 24.8/22.4 ± .1.0/1 .5 °C
day/night and 88.8/97.7 ± 6.2/3.0 % RH day/night. Plants were by drip irrigation watered daily
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for 3 min using an Orbit Model 24600 irrigation timer (Orbit Irrigation Products, North Salt Lake,
UT) and received 150 ppm N twice per week with a 20 N–20 P–20 K water-soluble fertilizer
(Peter’s Professional 20-20-20 General Purpose Fertilizer, Everris Na Inc., Dublin, OH). Plants
were harvested at physiological maturity (having greater than 6 true leaves) on 5 Oct (Waterland
et al. 2017).

Garden Design
Cultivars ‘Curly Roja’, ‘Dwarf Green Curled,’ ‘Meadowlark,’ and ‘Vates’ were sown in
72-count deep insert trays in the greenhouse in mid-September. Six seedlings per cultivar (n = 24)
were transplanted to 1-gallon pots of soilless media (Sungro Professional Growing Mix, Sungro
Horticulture, Agawam, MA) on 6 Oct. Plants were moved outdoors on 14 Oct and hardened before
transplant into raised beds on 19 Oct. Plants were spaced 12 inches apart within and between rows.
Raised beds were 4ft wide x 7ft long x 2ft tall, and beds were approximately 3 ft apart (Table B1). Beds were filled with Sungro Professional Growing Mix, Sungro Horticulture, Agawam, MA).
Average air temperature was 13.6 ± 6.1 °C with a high of 27 °C and a low of 1.6 °C; the average
relative humidity was 76 ± 9.7%, within a range of 25 to 97% (wunderground.com). Plants were
watered daily through drip irrigation for 3 min using a Mister Timer irrigation timer (Mister
Landscaper Mister Timer, Mister Landscaper Drip Irrigation, and Micro Spray, Dundee, FL,
USA). Each plant was hand-fertilized once a week with 250 mL of Peter’s Professional 20-20-20
General Purpose Fertilizer (Everris Na Inc., Dublin, OH, USA) at 150 ppm N. Plants were
harvested at physiological maturity on November 16.
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Harvest and Postharvest Storage
Leaves were cut at the base, double-rinsed in ice water, and spun dry in a 5-gallon
ChefMaster centrifugal hand dryer (ChefMaster, Melville, NY). Then leaves were cut into 3-4 cm
wide strips and placed into clear 1-gallon low density polyethylene bags (Hefty Storage Slider
bags, Reynolds Consumer Products, Lake Forest, IL). Following lab analyses, the plastic bags
were filled with N2 gas by inserting a 1/8-inch tube connected to a N2 canister, sliding the bag
closed except for the tube, pressing the air out, flushing the bag with N 2, quickly removing the
tube, and then immediately closing the bag. Samples were stored at 10 °C and analyzed on days 0,
2, 4, and 6. Bags were refilled with N2 after each sampling. Greenhouse-grown cultivars had seven
replications: five replications were stored in nitrogen-enriched bags and two stored without added
N2. Cultivars grown outdoors in raised beds had six replications: three replications stored in
nitrogen-enriched bags and three without added N2.

Water Content
For greenhouse grown kale, 3 g of leaf tissue (±1%) was weighed out from each sample
and placed in an oven at 105ºC for 2 hours. For garden grown kale, 0.5 g of leaf tissue (±1%) was
used. Samples were removed from the oven, placed in a desiccator, and then weighed once more
to determine water content.

Water Activity
For greenhouse-grown kale, 3 g of leaf tissue (±0.03 g) from each sample was oven-dried
at 105 °C for 2 h. For garden-grown kale, 0.5 g of leaf tissue (±0.01 g) was used. Fresh weight was
measured before oven-drying, and dry weight was measured following oven-drying. Dried samples
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were stored in a desiccator and then weighed to determine water content. Water content is reported
as a percentage of fresh weight.

Color
Leaf strips were removed from the plastic bag, placed in a rectangular plastic weigh boat,
and analyzed by a spectrophotometer (Aeros Spectrophotometer, Hunter Associates Laboratory,
Reston, VA. Values were reported as L*, a*, and b*, where L* describes how light or dark an
object is [values range from 0 (black) to 100 (diffuse white)], a* values describe the level of
redness or greenness of an object (values are negative for green and positive for red), and b* values
describe whether an object is blue or yellow (values are negative for blue and positive for yellow).
Data are reported as changes in respective color values, i.e., Δ L*, Δ a*, and Δ b* to account for
cultivars of varying coloration; this allows for comparison between green and red-colored cultivars
without their inherent colors producing statistically significant differences. Values of Δ L*, Δ a*,
and Δ b* were calculated using the following equations: Δ L* = L*Day X – L*Day 0; Δ a* = a*Day X a*Day 0; and Δ b* = b*Day X - b*Day 0.

Texture
Texture was approximated by the force required to puncture a leaf (shear texture),
measured in grams using a CTX Texture Analyzer (Brookfield Ametek, Middleborough, MA,
USA). The CTX measured shear texture using the Volodkevitch Bite Jaws in a compression test
with the trigger set at 75 g, the deformation peak at 5.0 mm, and a speed of 10 mm per second.
These settings always punctured the leaf, regardless of age or state of decomposition. Leaf samples
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were placed on the lower portion of the jaw and removed once punctured by the upper part of the
jaw.

Visual Score
Visual score is an assessment of the overall quality of kale leaves over time intended to
estimate suitability for use and sale. Samples were assigned a visual score of 1 to 9, adapted from
Albornoz and Cantwell (2016) where 9 represented the best quality leaves, 5 represented the limit
of marketability, 3 represented the limit of use, and 1 represented the worst quality leaves (Table
3.5). All samples were assigned a score of 9 on day 0 (day of harvest). Visual score rating was
performed by a single individual.

Statistical Analysis
Plants were arranged in a completely randomized design with seven replicates for
greenhouse-grown plants and six replicates for garden-grown plants. All cultivars were originally
planned to be grown in the greenhouse; however, 4 cultivars were moved to the garden following
insect pressure in the greenhouse. Data from greenhouse and garden-grown kale was pooled to
allow comparison of cultivars of different growing environments. Statistical models were
developed for the dependent variables of water content, water activity, visual score, texture, and
color that included the independent variables of cultivar, packaging type, and cultivar × packaging
type. Separate models were used for days 0, 2, 4, and 6. Analysis of variance (ANOVA) was used
to determine if the independent variables had a significant effect on the different dependent
variables; if there was an effect, then the means for the different levels of the independent variables
were separated using Fisher’s protected least significant difference (FPLSD) test. Principal
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component analysis (PCA) was performed on the dependent variables of water content, water
activity, visual score, texture, color; and also day, to attempt to determine a combination of the
variables that explained the separation among the cultivars and packaging.

All statistical

calculations were performed using JMP Pro 16 software (SAS Institute Inc., Gary, NC, USA) and
P-values less than 0.05 (in some cases P < = 0.10) were considered statistically significant.

Results and Discussion

Overall, the results from this study demonstrate growing environment and nitrogen-enriched
packaging have largely insignificant effects on shelf life (Table 3.1). However, cultivar had a
significant effect (P < 0.05) on water content, water activity, color, texture, and visual score (Table
3.1). These results are important because they indicate genotype is primarily responsible for the
values of factors related to shelf life; therefore, kale breeding and genetic improvement can be
undertaken improve the kale shelf life by selecting the proper germplasm. In this study, ‘Darkibor’
and ‘Curly Roja’ were among the top-performing genotypes with respect to visual score and
texture (Table 3.3 and Table 3.4).

Water content was significantly effected by cultivar on all days (P < 0.05 for days 0, 2, and 6 for
greenhouse and garden-grown kale; P < 0.01 for day 4), and by packaging type and the interaction
between the two (cultivar × packaging type) on day 4 (P < 0.05) (Table 3.1). Similarly, water loss
over time was significantly effected by genotype in a study of kale shelf life (Dumičić et al.
2014)Mean water content was generally higher among greenhouse-grown kale (90.6 vs. 88.6%).
Overall, the water content of kale grown in this study was higher than the 85-86% reported by
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Armesto et al. (2017) and Lisiecka and Wójtowicz (2019). The standard error for the water content
of kale grown in this study is too great to allow for clear segregation between growing
environments, indicating that genotype alone may not be solely responsible for determining the
water content of leaves (Table 3.2). Moreover, postharvest bagging of kale had a significant effect
on the water content in another study on kale shelf life, indicating factors other than genotype may
affect water content (Dumičić et al. 2014). Growing environment, cultivar, postharvest storage,
and growing environment × cultivar interaction may all affect water content over time (Table 3.1).

This study provides evidence of a significant effect (P < 0.0001) of cultivar on water activity in
kale (Table 3.1). The growing environment entirely separated these cultivars for mean water
activity on each day of data collection, with cultivars grown in the greenhouse having significantly
higher water activity than garden-grown cultivars (Table 3.2, Figure 1, Figure 3.2). All cultivars
demonstrated decreased water activity over time (Figure 3.1, Figure 3.2). Our study did not
measure the microbial growth for different cultivars with different water activities.

Visual score was significantly affected (P < 0.01) by cultivar on days 2, 4, and 6 and by the
interaction of packaging type × cultivar on days 2 and 6 (Table 13.). Packaging type did not affect
visual score on any day. Visual score decreased over time for all cultivars, a trend that was
expected and matched the literature (Albornoz & Cantwell 2016) (Table 3.3, Figure 3.3). On day
6, ‘Darkibor’ had the highest visual score, followed by ‘Black Magic’ and ‘Lacinato’; cultivars
‘Dwarf Green Curled’, ‘Curly Roja’, and ‘Meadowlark’ had the lowest visual scores (Table 3.3).
Notably, visual score did not correlate with previously recorded mineral values (Thavarajah et al.
2021; Reda et al. 2022). Cultivar had a significant effect on color, specifically Δ a*, on days 4 (P
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< 0.01) and 6 (P < 0.0001) (Table 3.1). ‘Curly Roja’ underwent the greatest change in red:green
coloration (Δ a*) over time, which is not surprising as it was the only red kale grown in this study.
‘Lacinato’ and ‘Black Magic’ underwent the greatest increase in green:red coloration over time
(Table 3.3). Cultivar, packaging type, and cultivar × packaging type interaction did not have a
significant effect on Δ L* or Δ b* values.

The force required to puncture a leaf was significantly affected by cultivar (P < 0.01) on days 0,
2, and 6 and by packaging type and the packaging type × cultivar interaction (P < 0.05) on day 2
(Table 3.1). The force required to puncture a leaf generally decreased over time, though this varied
by cultivar (Table 3.4, Figure 3.2). ‘Curly Roja’ consistently required the most force to puncture
a leaf across all days (Table 3.4); these results correspond to curly red kale receiving one of the
highest scores for the texture qualities “Crisp Crunch,” “Brittle,” and “Dense” in a sensory
evaluation study and consumer panel of kale (Swegarden et al. 2019). ‘Curly Roja’ has a higher
concentration of magnesium than the other cultivars grown in this study (Reda et al. 2022).
Component 1 of the PCA (Figure 3.4) accounts for 37.5% of the variation in the dataset.
The largest eigenvalues in component 1 were associated with visual score (negative); and day, Δ
L* and Δ b* (positive). This suggests that visual score versus Δ L* and Δ b* can explain almost
40% of the variation associated with cultivars, packaging, and random error in the dataset. Visual
score was significantly impacted by genotype and is a comprehensive assessment that takes
multiple factors into account. This is demonstrated by relationship between color (Δ L* and Δ b*)
and visual score; this data suggests that as Δ L* and Δ b* values increase, assigned visual score
will decrease. We expect lower visual score would lead to decreased marketability as well. (Figure
3.4). An additional 22.3% of variation in the data set is accounted for by component 2 (Figure
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3.4). The largest eigenvalues (the numerical values associated the arrows of individual dependent
variables in the PCA) in component 2 were associated with water content and water activity
(positive); and Δ a* and force (negative). This suggests that water content and water activity versus
Δ a* and force can explain an additional 20% of the variation associated with cultivars, packaging,
and random error in the dataset. Moreover, this study suggests that as water content and water
activity increase, force required to puncture a leaf will decrease (Figure 3.4). Because decreased
water content was observed in garden grown kale, increased force required to puncture a leaf may
be due in part to growing environment (Figure 3.1). In a sensory study of kale, its robust texture
was defined as one of its most important features, so a reduction in force required to puncture a
leaf could be indicative of decreased textural quality and subsequent consumer preference.
(Swegarden et al. 2019).

Conclusion

Cultivar significantly affected water content, activity, Δ a*, visual score, and force required to
puncture a leaf for kale grown in this study. Packaging type only had a significant effect on water
content and force needed to puncture a leaf on one of the sampling days. In contrast, the cultivar
× packaging type interaction demonstrated a significant impact on day 4 water content, day 2 force
required to puncture a leaf, and visual score for days 2 and 6. Kale cultivar is the primary
determining factor over time for shelf life measured except for water activity. Greenhouse-grown
kale generally exhibited higher water content, while garden-grown kale exhibited significantly
lower water activity. Nitrogen-enriched packaging had no impact on the shelf life of kale grown
in this study. Future breeding efforts focused on the shelf life of kale should incorporate cultivars
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‘Darkibor’ and ‘Curly Roja’ for their superior performance demonstrated herein in terms of visual
score and texture over time correlated with their decreased color change over time and decreased
water content and water activity.
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Table 3.1. Analysis of variance for water content, water activity, color, visual score, and force for kale grown in this study.

Source
Day 0
Cultivar
Packaging Type
Cultivar × Packaging Type
Day 2
Cultivar
Packaging Type
Cultivar × Packaging Type
Day 4
Cultivar
Packaging Type
Cultivar × Packaging Type
Day 6

Water
Content

Water
activity

8
1
8

*
NS
NS

8
1
8
8
1
8

df

Color

Visual
Score

Force

Δ L*

Δ a*

Δ b*

****
NS
NS

-

-

-

-

**
NS
NS

*
NS
NS

****
NS
NS

NS
NS
NS

NS
NS
NS

NS
NS
NS

**
NS
**

**
*
*

**
*
*

****
NS
NS

NS
NS
NS

**
NS
NS

NS
NS
NS

**
NS
NS

NS
NS
NS

Cultivar
8
*
****
NS
****
NS
**
**
Packaging Type
1
NS
NS
NS
NS
NS
NS
NS
Cultivar × Packaging Type
8
NS
NS
NS
NS
NS
**
NS
NS =Not significant; **** Significant at P < 0.0001; *** Significant at P < 0.001; ** Significant at P < 0.01; * Significant at P < 0.05
Δ L* represents a change in light to dark color ratio; Δ a* represents the change in red to green color ratio; Δ b* represents a change
in blue to yellow color ratio.
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Water Activity by Growing Environment
1.00

Water Activity

0.99

a

a

Greenhouse-grown kale

a

a

b

b

0.98

Garden-grown kale

b

b

0.97

0.96

0.95
0

2

Day

4

6

Figure 3.1. Water activity of greenhouse and garden-grown kale
Numbers on the x-axis represent days after harvest. Days with Different letters on the same day
indicate a significant difference in water activity between growing environments (p < 0.01).
Error bars are ± sd (n = 36).
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2

4

6
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Texture
C

Growing Environment
Garden

Cultivar
Black Magic
Curly Roja
Darkibor
Dwarf Green Curled
Lacinato
Meadowlark
Red Russian
Vates
Westlander

Greenhouse

400

Force (g)

300
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100

0

0

2

4

6

0

2

4

6

Day
Figure 3.2. Mean values of (A) water activity, (B) water content, and (C) texture of kale cultivars
for two growing environments. Numbers on the x-axis represent days after harvest. Error bars are
± sd (n = 7 for greenhouse-grown kale; n =6 for garden-grown kale)
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Table 3.2. Water Content (WC%) and Water Activity (aw) of greenhouse and garden-grown kale.

Cultivar
Black Magic
Darkibor
Lacinato
Red Russian
Westlander
Curly Roja
Dwarf Green Curled
Meadowlark
Vates
Cultivar
Black Magic
Darkibor
Lacinato
Red Russian
Westlander
Curly Roja
Dwarf Green Curled
Meadowlark
Vates

Day 0
90.1 ± 1.5 ab
89.9 ± 2.2 ab
90.5 ± 1.0 a
90.0 ± 1.1 a
90.1 ± 1.7 ab
88.0 ± 1.0 c
88.8 ± 0.6 bc
89.3 ± 0.9 abc
89.6 ± 0.8 abc
Day 0
1.002 ± 0.002 a
1.001 ± 0.002 a
1.001 ± 0.002 a
0.999 ± 0.001 a
1.002 ± 0.005 a
0.987 ± 0.006 b
0.988 ± 0.004 b
0.988 ± 0.001 b
0.989 ± 0.003 b

Water content (% WC)
Day 2
Day 4
90.5 ± 1.1 ab
89.7 ± 4.3 bcd
89.5 ± 2.8 ab
90.4 ± 1.4 abc
90.8 ± 1.4 a
90.4 ± 1.9 abc
91.1 ± 1.1 a
91.4 ± 1.3 ab
91.8 ± 1.2 a
92.2 ± 1.3 a
88.8 ± 1.4 b
87.9 ± 0.7 cd
89.1 ± 0.9 b
88.3 ± 1.2 bd
89.5 ± 0.6 b
86.2 ± 6.7 e
89.4 ± 0.5 b
88.0 ± 1.1cd
Water activity ( aw)
Day 2
Day 4
1.002 ± 0.002 a
0.997 ± 0.004 a
1.001 ± 0.003 a
0.997 ± 0.004 a
1.000 ± 0.004 a
0.998 ± 0.002 a
1.000 ± 0.004 a
0.997 ± 0.003 a
1.002 ± 0.003 a
0.998 ± 0.003 a
0.980 ± 0.004 bc 0.976 ± 0.009 b
0.982 ± 0.006 b
0.976 ± 0.007 b
0.975 ± 0.003 c
0.974 ± 0.011 b
0.977 ± 0.011 bc 0.973 ± 0.007 b

Day 6
90.4 ± 2.3 abc
90.2 ± 1.1 abc
90.8 ± 0.8 ab
90.8 ± 1.8 a
90.9 ± 2.6 ab
89.2 ± 1.8 bc
88.7 ± 1.2 c
88.7 ± 1.8 c
88.5 ± 1.3 c
Day 6
0.997 ± 0.004 a
0.997 ± 0.002 a
0.997 ± 0.005 a
0.996 ± 0.003 a
0.995 ± 0.002 a
0.973 ± 0.007 bc
0.978 ± 0.004 b
0.970 ± 0.007 c
0.972 ± 0.007 bc

Mean data points (± sd) followed by the same letter are not significantly different at Fisher’s
protected least significant difference test at P < 0.05.
Mean data points with different letters within a column are significantly different at P < 0.05.
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Table 3.3. Visual Score and change in red:green color ratio (Δ a*) in greenhouse and gardengrown kale.
Cultivar
Black Magic
Darkibor
Lacinato
Red Russian
Westlander
Curly Roja
Dwarf Green Curled
Meadowlark
Vates

Day 0
9±0a
9±0a
9±0a
9±0a
9±0a
9±0a
9±0a
9±0a
9±0a

Cultivar
Black Magic
Darkibor
Lacinato
Red Russian
Westlander
Curly Roja
Dwarf Green Curled
Meadowlark

Day 0
-

Visual score
Day 2
Day 4
8.1 ± 0.7 a
7.3 ± 1.0 ab
8.3 ± 0.8 a
7.3 ± 0.8 abc
7.9 ± 0.9 ab
6.6 ± 1.3 abcd
8.0 ± 0.70 ab
6.1 ± 1.3 cd
7.6 ± 0.5 ab
5.9 ± 1.21 bcd
7.2 w± 0.4 b
6.0 ± 0.6 cd
8.2 ± 0.4 a
5.8 ± 1.0 d
7.7 ± 1.5 ab
6.2 ± 1.2 bcd
8.3 ± 0.5 a
7.5 ± 0.6 a
Change in red:green color ratio ( Δ a*)
Day 2
Day 4
-0.5 ± 0.7
-1.1 ± 0.9 cd
1.5 ± 6.1
-1.2 ± 0.7 cd
-0.5 ± 1.5
-1.6 ± 1.1 d
0.3 ± 1.0
-0.5 ± 0.9 bc
-0.4 ± 0.7
-0.5 ± 0.9 bcd
0.3 ± 1.3
1.0 ± 1.0 a
0.4 ± 0.6
0.4 ± 0.4 ab
0.4 ± 0.7
0.3 ± 0.9 ab

Day 6
3.6 ± 1.7 ab
4.4 ± 0.8 a
3.0 ± 1.6 abc
2.3 ± 1.0 cd
1.9 ± 1.2 cd
1.8 ± 1.0 d
2 .0 ± 1.3 d
1.8 ± 1.2 d
3.0 ± 0.6 bcd
Day 6
-1.9 ± 0.8 d
-0.7 ± 0.9 c
-2.2 ± 2.5 d
-0.6 ± 0.6 c
0.6 ± 0.5 abc
1.4 ± 1.4 a
0.9 ± 0.6 ab
1.2 ± 1.6 ab

Mean data points with different letters within a column are significantly different at P<0.01.
Mean data points followed by the same letter are not significantly different at Fisher’s protected
least significant difference test at P < 0.01.
“-" Signifies no data because change in coloration was determined by subtracting values from
Day 0 each subsequent day.
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Table 3.4. F Force (g) required to puncture a leaf (g) in greenhouse- and garden-grown kale.
Cultivar
Black Magic
Darkibor
Lacinato
Red Russian
Westlander
Curly Roja
Dwarf Green Curled
Meadowlark
Vates

Day 0
190 ± 82 bcd
204± 56 cd
203 ± 52 bcd
158 ± 39 d
257 ± 83 abc
350 ± 131 a
295 ± 64 ab
206 ± 47 bcd
255 ± 96 bc

Texture (force [g] required to puncture the leaf)
Day 2
Day 4
193 ± 81 c
192 ± 40
242 ± 72 c
225 ± 85
239 ± 58 bc
203 ± 87
248 ± 91 bc
235 ± 81
228 ± 47 c
213 ± 52
364 ± 79 a
303 ± 102
276 ± 63 bc
242 ± 94
258 ± 74 bc
205 ± 27
318 ± 97 ab
212 ± 61

Day 6
188 ± 47 cd
194 ± 68 bcd
186 ± 46 cd
185 ± 39 d
198 ± 31 cd
305 ± 71 a
174 ± 79 cd
240 ± 81 abc
273 ± 98 ab

Values with different letters within a column are significantly different at p<0.01.
zMean data points (± sd) followed by the same letter are not significantly different at Fisher’s
protected least significant difference
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Mean Visual Score
Growing Environment
Garden

Greenhouse

Cultivar

9

Black Magic
Curly Roja
Darkibor
Dwarf Green Curled
Lacinato
Meadowlark
Red Russian
Vates
Westlander

Visual Score

8
7
6
5
4
3
2
1
0

2

4

6

0

2

4

6

Day
Figure 3.3. Mean visual scores of raised bed and greenhouse-grown kale cultivars separated by
cultivar and growing environment. Numbers on the x-axis represent days after harvest. Visual
score ranged from 1 to 9, with 1 representing the worst-looking leaves, and 9 representing the
best-looking leaves. Mean separation for cultivars is provided in Table 3.
z

Visual scores ranged from 1 to 9, with 1 representing the worst-looking leaves, and 9
representing the best-looking leaves.
Mean separation for cultivars is provided in Table 3.
Vertical bars standard errors of the means with 36 replications.
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Figure 3.4. Principal component analysis of all data points recorded in this study. aw = water
activity; WC (%) = water content; Force (g) = force required to puncture the leaf; Δ L*, Δ a*,
and Δ b* are measures of color.
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Table 3.5. Cultivars grown in this study at physiological maturity.
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Table 3.6. Visual scoring reference for different market classes of kale: 9 represents the highest visual quality and best-looking
leaves; 5 represents the limit of marketability; 3 represents the limit of usability; and 1 represents the lowest visual quality and
worst looking leaves.

Visual Score
Market
Class

9

7

5

3

1

Dinosaur !

Curly
Green

Curly
Red

94

APPENDICES
Appendix A
Supplemental Figures for Chapter 2
Table A-1. Mineral nutrition of fall-planted organically grown kale cultivars
Cultivar

Zn

Fe

Ca

Mg

Mn

P

429.9
434.95
631.64

K
(mg/100 g)
695.45
573.71
599.89

38.15
31.17
61.07

4.51
3.89
5.04

51.88
34.85
48.91

Cu
(ug/100 g)
33.29
25.9
40.72

Black Magic
Blue Knight
Curly Roja

0.75
0.34
0.65

1.74
1.5
1.79

Darkibor F1

0.42

2.58

528.85

617.25

37.93

3.49

39.13

28.24

Dwarf
Green
Curled

0.67

2.02

451

561.21

39.5

4.91

50.7

24.18

Lacinato

0.46

1.79

563.8

665.29

47.89

4.77

42.25

38.62

Meadowlark 0.47

2.32

564.77

717.63

39.26

3.99

44.79

30.7

1.81

348

633.29

31.68

3.21

51.92

55.99

1.71

385.75

747.31

29.42

2.28

46.58

30.3

Pentland
0.58
Brig
Red Russian 0.37
Scarlet

0.59

2.62

729.58

620.01

49.94

4.8

42.8

32.3

Vates

0.43

2.37

577.69

670.04

41.56

2.81

46.3

26.36

Westlander
Winterbor
F1

0.68

2.36

468.38

558.91

40.7

4.46

53.17

26.28

0.38

1.73

503.83

587.77

39.03

4.81

47.24

41.46

Zinc (zinc), Iron (Fe), Calcium (Ca), Potassium (K), Magnesium (Mg), Manganese (Mn),
Phosphorous (P), and Copper (Cu).
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Table A-2. Mineral Nutrition of fall-planted organically grown USDA germplasm
USDA
Germplasm
141572
204682
249556
435900
662565
662566
662567
662568
662592
662622
662647
662648
662649
662652
662665
662673
662714
662766
662767
662768
662840
143351

Zn

Fe

Ca

K

Mg

Mn

P

(mg/100 g)
0.49
1.31
540.5
619.03
38.89
3.87
41.81
0.59
486.21
699.67
31.24
22.28
55.62
0.5
1.54
383.65
477.83
30.83
3.51
37.27
0.5
1.73
494.39
623.71
40.72
3.08
39.69
0.61
1.65
477.32
485.79
40.08
3.62
45.69
0.59
1.28
421.18
571.26
39.25
4.66
46.88
0.56
1.6
501.04
522.97
42.21
4.09
43.93
0.4
2.11
638.45
744.11
35.93
3.66
45.22
0.66
2.33
385.03
715.49
32.25
4.18
45.77
0.37
1.22
405.94
700.65
34.05
2.64
45.07
0.4
2.09
449.26
606.34
34.29
2.94
36.54
0.51
1.27
536.02
623.43
40.82
3.48
38.26
0.5
1.46
569.81
659.52
48.09
3.13
37.47
0.5
1.48
576.15
567.86
54.48
3.42
35.29
0.5
2
559.35
566.4
40.01
2.9
42.07
0.55
1.97
818.53
746.75
46.1
4.3
49.25
894.63
709.66
45.28
4.59
35.52
0.7
1.46
442.48
449.34
38.15
1.74
42.22
0.56
1.17
318.8
490.19
33.4
1.13
38.96
0.48
1.37
476.65
573.14
36.9
3.59
40.34
0.76
1.72
604.82
603
47.09
6.07
44.55
0.61
1.38
446.9
445.6
47.48
2.41
45.7
Zinc (zinc), Iron (Fe), Calcium (Ca), Potassium (K), Magnesium (Mg), Manganese (Mn),
Phosphorous (P), and Copper (Cu).

Cu
(ug/100 g)
32.94
37.96
10.64
28.45
16.97
17.56
24.74
41.79
43.19
26.93
33.12
26.79
12.72
32
40.37
52.67
63.47
26.9
20.31
36.88
43.81
21.95
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A-3. Concentration of prebiotic carbohydrates in fall-planted, organically grown kale cultivars

Genotype
141572
204682
249556
435900
662565
662566
662567
662568
662592
662622
662647
662648
662649
662652
662665
662673
662714
662766
662767
662768
662840
143351
Black Magic
Blue Knight
Curly Roja
Darkibor F1
Dwarf Green
Curled
Lacinato
Meadowlark
Pentland
Brig Russian
Red
Scarlet
Vates
Westlander
Winterbor
F1

Myo

Xyli

89.01
80.17
80.7
67.01
78.88
88.4
80.14
59.76
79.78
87.8
79.51
85.13
52.54
46.83
83.02
50.61
43.75
74.55
103.4
94.09
80.96
71.79
92.2
91.92
73.02
94.8
78.69
117.22
91.07
81.33
86.1
68.91
80.44
91.61
83.94

3.43
3.18
3.17
2.52
2.48
2.81
4.19
4.21
2.93
5.5
2.42
2.94
2.76
2.83
2.68
4.45
3.01
4.29
3.93
3
4.33
3.23
4.49
4.34
4.49
3.6
2.42
2.68
2.43
3.01
4.02
5.42
5.75
4.7
2.6

Sugar Alcohols
Manni
(mg/100 g)
0.67
0.63
0.99
0.99
0.5
0.47
1.02
0.59
0.76
0.25
0.46
0.36
0.5
0.46
1.08
0.34
0.68
0.73
1.09
0.88
0.92
0.6
0.61
0.45
0.59
0.97
0.59
0.49
0.69
0.49
1.11
0.81
0.57
1.18
0.59

Sor

Glu

Fru

Suc

Rha

1.84
3.4
3.5
5.23
1.56
3.53
3.69
3.2
3.74
1.99
2.02
1.56
0.76
3.49
1.66
3.79
3.17
3.52
2.32
3.92
3.61
1.87
2.85
2.09
3.5
3.48
3.46
3.43
1.96
2.56
6.34
3.74
2.23
6.08
3.02

153.21
75.38
301.20
192.42
291.19
177.13
185.65
187.12
160.56
157.94
178.83
68.66
266.22
57.41
156.00
193.44
327.96
328.62
113.06
272.40
194.85
247.34
75.71
227.35
256.04
206.36
154.44
261.21
144.06
70.07
142.39
136.25
148.50

245.64
124.14
364.25
194.17
310.79
248.71
294.29
306.40
236.22
215.35
191.10
80.04
305.21
115.088
216.95
188.45
358.70
355.37
208.72
329.58
257.59
246.52
81.99
223.54
259.16
224.09
212.42
213.24
198.02
100.28
184.69
222.69
194.41

45.59
3.71
33.35
33.25
13.57
8.01
6.36
14.48
14.68
42.43
24.43
24.86
37.76
23.91
32.04
32.6
38.84
23.97
43.51
21.32
14.66
18.28
31.43
20.5
22.57
17.13
20.57
36.92
8.86
10.32
8.04
5.31
15.91
15.94
19.51

26.67
16.43
22.68
27.37
20.57
26.53
23.77
11.99
18.41
15.06
27.34
13.09
10.84
21.53
23.14
15.71
11.51
17.41
35.56
22.03
33.02
22.55
19.98
18.4
11.78
16.27
20.12
7.88
26.4
33.52
22.49
17.96
10.44
29.66
19.51

Simple Sugars
Ara
(mg/100 g)
53.39
31.96
47.34
50.4
38.38
48.55
49.57
16.39
47.85
27.67
57.21
24.77
17.25
38.18
36.99
38.69
24.91
39.84
54.48
42.47
54.23
38.61
45.43
37.95
20.21
33.92
28.13
18.84
43.7
51.61
32.39
27.5
20.91
40.31
54.41

Manno

Rib

Mal

Sta + Raff

11.05
11.51
12.57
11.77
12.22
11.91
14.16
10.85
15.28
7.31
13.88
12.02
9.89
13.57
10.67
12.26
10.52
12.82
15.42
14.05
11.46
9.01
13.72
11.19
8.69
14.04
12.31
16.4
11
10.62
10.67
9.89
10.49
11.81
10.59

25.74
20.17
36.03
28.03
35.15
29.63
29.41
10.89
29.99
17.71
28.61
26.6
14.6
22.52
24.2
19.37
18.46
19.15
36.67
32.36
24.93
28.27
31.49
24.13
13.7
31.92
28.73
39.92
25.46
24.81
20.28
13.67
15.79
14.97
22.17

7.07
7.1
7.71
5.47
15.76
4.76
6.46
6.17
2.33
6.19
3.16
4.52
1.9
4.58
10.23
3.72
11.77
5.95
23.16
12.64
7.37
6.78
8.63
5.48
3.18
4.2
4.35
14.95
7.4
6.01
5.63
1.44
10.97
0.6
4.95

6.26
6.86
9.09
9.91
10.27
6.89
6.96
6.34
6.75
7.51
9.76
7.44
8.78
7.28
6.97
4.77
8.26
8.85
12.31
5.38
8.65
5.56
10.85
8.94
8.19
8.59
8.22
10.61
10.71
9.84
7.25
6.66
7.75
4.51
7.58

RFO + FOS
Ver + Kes
(mg/100 g)
1.47
1.35
1.18
1.05
0.97
2.57
2.17
1.84
0.8
2.16
1.01
0.89
1.75
1.28
2.09
2.95
1.18
1.54
1.58
0.53
1.52
1.92
1.39
1.13
1.73
0.88
0.96
1.2
1.07
2.06
1.68
1.86
1.09
1.41
1.79

Nys
30.56
17.25
34.82
24.79
25
28.07
28.07
13.66
25.81
13.03
26.43
14.32
8.15
12.3
31.61
8.08
11.02
17.9
41.78
32.2
33.29
28.14
26.99
16.25
6.86
16.97
21.11
15.76
19.76
26.1
25.36
7
7.04
15.31
17.46

Myo-inositol (Myo), Xylitol (Xyl), Manni (Mannitol), Sorb (Sorbitol), Glucose (Glu), Fructose (Fru), Sucrose (Suc), Rhamnose (Rha), Arabinose (Ara), Mannose (Manno), Ribose (Rib), Maltose (Mal), Stachyose and Raffinose (Sta + Raf), Verbascose
and Kestose (Ver + Kes), and Nystose (Nys)
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Table A-4. Biomass of fall-planted, organically grown kale
Genotype
Germplasm
141572
143351
204682
249556
435900
662565
662566
662567
662568
662592
662622
662647
662648
662649
662652
662665
662673
662714
662766
662767
662768
662840
Average
Cultivar
Black Magic
Blue Knight
Curly Roja
Darkibor F1
Dwarf Green Curled
Lacinato
Meadowlark
Pentland Brig
Red Russian
Scarlet
Vates
Westlander
Winterbor F1
Average

Biomass
(g/plant)
453.1
494.5
72.9
280.8
202.5
206.2
254.3
446.3
410.2
190.1
478.9
349.8
277.8
505.9
152
368.7
322.5
334.7
115.4
255.6
270.8
218.6
320.8
60.2
292.1
284.7
281.8
217.6
356.5
331.2
355.6
82.8
174
330.2
403.8
355.9
271.3
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Appendix B
Supplemental Figures for Chapter 3
Table B-1. Visual scoring reference for different market classes of kale: 9 represents the highest visual quality and bestlooking leaves; 5 represents the limit of marketability; 3 represents the limit of usability; and 1 represents the lowest visual
quality and worst looking leaves.

Visual Score
Market
Class

9

7

5

3

1

Dinosaur !

Curly
Green

Curly
Red
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CONCLUSION

This thesis provides evidence of significant genetic variation among fall-planted,
organically grown kale cultivars and germplasm in terms of biomass, mineral nutrition,
and prebiotic carbohydrates. ‘Westlander’ was one of the cultivars with the highest biomass
for cultivars, while ‘Scarlet’ and ‘Curly Roja’ were among the cultivars with the highest
mineral concentrations, and ‘Black Magic’ and ‘Red Russian’ were among the cultivars
with the greatest concentration of prebiotic carbohydrates. Additionally, organically grown
kale exhibits seasonal variation in mineral nutrition and prebiotic carbohydrates. Shelf life
was largely unaffected by nitrogen-enriched packaging. Growing environment had an
insignificant effect on shelf life, with the exception of decreased water activity in gardengrown kale. Because shelf life appears to be largely impacted by genotype, future breeding
efforts should focus on high performing genotypes like ‘Darkibor’ and ‘Curly Roja.’ This
work contributes to our understanding of seasonal effects on nutrition of organically grown
kale as well as the underlying factors responsible for shelf life of greenhouse and gardengrown kale.
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